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KLIXTRON  MICROSCOPY  OF  THE  PAN(^REAT1(’  ISLETS^ 
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AHSTRACT 

Paiicroatic  islets  have  boon  studied  In'  the  eleetron  mieroseoin-  of  ultratliin 
sections  in  mature  guinea  pifjs  and  eats. 

*  Alpha  cells  contain  specific  >;ranules  which  are  notably  dense  after  fixation 

with  osmium  tetroxide.  Their  substance  is  homogeneous.  They  are  enclosed 
within  a  vacuolar  membrane.  Other  organelles  such  as  the  (lol}>;i  iippanitus, 
i  endoi)lasmic  reticidum,  RX.\  {granules  and  mitochondria  are  present  incon¬ 

spicuously,  and  without  particular  specialization, 
j  Beta  cells  of  the  cat  and  nuint'a  j)!}?  differ  in  important  respects.  In  the  cat 

i  the  specific  srunules  contain  an  angular  crystalloid  ('hunent.  'I'ln*  homologous 

structure  in  the  guinea  pig  is  sj)herical.  These  granuhxs  are  (uiclosed  in  mem¬ 
branous  envelopes.  The  density  of  the  granules  is  substantially  less  than  those* 
of  alpha  cells. 

j  Beta  cells  also  differ  from  alpha  cells  in  having  a  richer  development  of  the 

I  endoplasmic  reticular  sj'stem,  CJolgi  apparatus  and  RXA  granules.  The  guinea 

;  pig  beta  c(“lls  al.so  show  a  marked  polarization  of  organelles.  Thus,  it  .seems  clear 

that  the  two  cell  types  represent  fundamentally  different  cells,  and  it  is  signifi¬ 
cant  that  in  the  cat,  where  identification  is  simple,  no  granules  of  the  alpha 
^  cell  were  ever  found  interspersed,  within  a  single  cell,  with  granules  of  the  beta 

3  cell  type. 

j  Delta  cells  were  studied,  particularly  in  the  cat.  A  nongranular  cell  is  to  be 

found  having  a  cytoplasm  suggesting  a  vacuolar  compartmentalization.  .\n 
aj)i)arently  similar  cell,  but  containing  specific  granules  of  a  uni(pie  type,  is 
j  also  observed.  The  former  may  be  regarded  as  the  typical  delta  cell,  the  latter 

:  as  a  granulated  variant. 

lsl(*t  cells  are  s(*parated  from  their  blood  supply  by  the  capillary  wall,  a 
layer  of  connective  tissue,  a  parenchymal  basement  membrane  and  somc- 
tim(‘s  also  by  a  subcellular  space,  .\utonomic  nerve  bundles  are  seen  in  the 
:  pcricapillary  connective  tissue.  Cai)illary  walls  are  frequently  fenestrated,  the 

R(‘ceived  June  10,  1957. 
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attenuated  endfitlielial  sheet  being  interrupted  l)y  a  regularly  spaeed  system  of 
pores  having  a  diameter  of  api)roximately  0.05  mieron.  The  only  eontinuous 
barricT  between  plasma  and  eonneetive  tissue  fluid  would  thus  seem  to  be  the 
thin  basement  membrane  underlying  the  endothelium. 

Ar  THP]  present  time  there  is  no  detailed  puldished  account  concerned 
^  with  the  electron  microscopy  of  the  i.slets  of  Langerhans.  The  most 
important  work  to  date  is  that  of  Lacy  (1  and  2)  who  has  presented  an  ab¬ 
stract  and  a  sliort  paper  concerned  with  cell  identification.  Additionally, 
Hartroft  (3)  has  published  several  micrographs  accredited  to  Doctor  Lacy. 
Dalton  (4),  Robertson  (o),  and  Palade  (6)  hav’e  made  minor  references  to 
the  islet  cells  in  papers  concerned  mainly  with  the  exocrine  tissues  of  the 
pancreas.  This  l)eing  the  extent  of  knowledge  it  is,  therefore,  appropriate 
to  describe  the  i.slets  in  some  detail. 

M.\TERI.\LS  .\NI)  METHODS 

.\dult  male  eats  and  guinea  i)igs  were  used  in  these  exi)eriments.  Lai)ar(»tomy  was 
performed  in  all  eases  during  anesthesia  indueed  by  introperitoneal  injeetion  of  sodium 
amytal.  In  guinea  pigs,  single  jjanenaitie  islets  were  identified  with  a  stereoseojiie  dis¬ 
serting  mieroseope  and  their  surfaees  j)artially  demuh'd  before  fixation.  Individual 
islets  were  tlnui  flushed  for  5  to  10  minutes  in  the  living  animal  with  ehilled  bufTered  os¬ 
mium  tetntxide  fixative  (7).  Single  isolated  islets  were  removed  with  irideetomy  seissors 
and  immersed  in  the  fixing  fluid  for  another  20  to  30  minutes.  Effort  was  maile  to  .avoid 
seriously  disturbing  the  islet  eireulation  until  the  final  removal  of  the  tissues. 

Th(‘  ish'ts  of  the  eat  eould  not  lx*  visualized  in  the  living  animal.  Therefore,  the 
l)anereas  was  almost  eomjjletely  trans('et(‘d  under  anesthesia  and  the  eut  surfaee  flushed 
with  chilled  osmie  acid  for  5  to  10  minutes.  Subsetjuiuitly  small  fragments  of  tissue  wen* 
nunoved  from  near  the  camter  of  tin*  ])aner(‘as  where  ishds  are  known  to  lx‘  largest  and 
most  nunuTous.  These  samph*s  were  givtm  a  further  20  to  .30  minute  fixation  Ixdore 
dehydration. 

Fixed  tissues  wtua*  dehy<frated  within  a  oni'-half  hour  period  in  increasing  concentra¬ 
tions  of  ethyl  alcohol,  'riu'y  were  infiltrated  in  n-butyl  nu'thacrylate  and  cut  with  a  Por- 
ter-Hlum  microtome  equii)ped  with  a  glass  knib*. 

From  the  bhx-ks  uscal  for  (dectron  micros(a)py,  sections  0.5  to  2m  in  thickness  were 
stained  with  a  modified  Masson’s  trichrome  stain  and  (lomori’s  chrome  alum  hema¬ 
toxylin  (S).  (Jomori’s  aldehyde-fuchsin  stain  was  also  used  (9).  In  this  manner,  cyto- 
logical  correlation  of  light  and  electron  microscopy  was  possible. 

OBSERVATION'S  AND  CONCLUSIONS 

The  tliree  principal  cell  type.s  to  be  found  in  pancreatic  i.slets  are  more 
easily  distinguished  in  the  cat  than  in  the  guinea  pig.  These  are  readily  seen 
in  Figure  1.  The  cells  with  extremely  dense  spherical  granules  can  be  identi- 


Fig.  1.  ('at.  Relatively  low-power  view  of  a  jiancreatie  islet  showing  portions  of  three 
alpha  cells  (a)  with  dens»>,  spherical  granules.  One  visible  beta  cell  (h)  has  granules  of  a 
different  type*.  Portions  of  three'  agranular  delta  cells  (rf)  are  also  visible.  Microlxxlies 
(mb)  as  de.scribed  in  the  text  are  visible  in  tin  delta  cells.  Mieron  marks  accompany  this 
and  all  subsc'tpient  figure's. 
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fied  as  alpha  cells  because  of  their  sparse  distribution  and  their  tendency  to 
aggregate  in  small  clusters.  By  far  the  commonest  cell  type  is  the  beta  cell,  i 

and  its  granules  appear  elongate  and  with  decidedly  less  density  than  those  j 

of  alpha  cells.  The  third  cell  type,  the  tlelta  cell,  is  quite  rare  and  ordinarily 
lacks  granules,  although  the  cytoplasm  is  “vacuolated.” 

In  the  guinea  pig,  the  granules  of  both  the  alpha  and  beta  cells  are 
spherical  and  of  nearly  the  same  size  (Fig.  7).  Although  the  granules  differ 
in  density,  a  single  isolated  cell  may  be  confused  easily. 

Alpha  Cells.  There  is  no  notable  species  difference  between  the  cat  and 
the  guinea  pig  insofar  as  the  alpha  cells  are  concerned  (compare  Figs.  4  and 
7).  Tlie  material  of  the  alpha  cell  granules  has  great  density  and  ends 
abruptly  with  a  sharp  border.  The  granules  of  the  alpha  cells  vary  in  size. 

The  largest  ones  observed  in  the  cat  approach  0.3  m  in  diameter,  and  in 
the  guinea  pig,  0.2  ju*  Their  substance  appears  essentially  homogeneous 
(Fig.  3).  Variations  in  apparent  density  from  one  granule  to  another  may 
be  observed.  These  variations  should  be  interpreted  cautiously  as  being  due 
to  differences  in  material  concentration  because  they  may  be  dependent 
upon  variable  section  thickness.  It  is  characteristic  of  these  granules  that 
each  is  enclosed  in  a  membranous  envelope  and  separated  from  the  latter 
by  a  narrow  space  approximately  0.02  n  in  width. 

The  granules  of  the  alpha  cells  are  fairly  uniformly  distributed  through¬ 
out  the  cell  except  in  the  cytocentrum,  which  is  occupied  by  the  Golgi 
apparatus  and  most  of  the  membranes  of  the  endoplasmic  reticulum. 
.Mitochondria  appear  to  be  most  numerous  in  the  cytocentrum,  although 
many  are  present  throughout  the  rest  of  the  cytoplasm.  Numerous  small 
granules,  presumably  of  the  RNA  type  (10),  are  distributed  throughout  the 
cytoplasm,  and  supported  in  an  amorphous  matrix  of  low  density  (Fig.  7). 

.Alpha  cells  always  appear  fairly  well  packed  with  their  .specific  granules. 

In  the  cat,  where  the  di.stinction  between  granules  of  the  alpha  and  beta 
cells  was  easy  to  determine,  a  particular  effort  was  made  to  see  whether 
there  was  ever  any  mixing  of  the  granules  within  a  .single  cell.  No  instance 
of  this  was  observed,  .so  we  feel  justified  in  believing  that  the  alpha  and 
l)eta  cells  are  each  uniquely  specialized  and  do  not  intergrade  one  with  the 
other. 

Beta  Cells.  The  granules  of  the  beta  cells  of  the  cat  have  embedded  within 
their  substance  a  solid  den.se  component.  When  viewed  in  one  plane  this 
appears  as  a  lozenge  (Fig.  2,  granules  indicated  In’  x).  in  the  other  plane 
as  an  ellipse  or  circle  (Fig.  2,  granules  indicated  by  y).  Rarely,  multiple 

Figs.  2:i-o.  Cat.  Grunulos  of  the  liota  cell  at  high  magnification  showing  an  outer 
i-nvclopc  surrounding  an  amorphous  matri.x  and  a  crystalloid  inclusion.  U'hcn  viewed 
in  one  plam*  (.V),  the  inclusions  appear  sharply  angular  and  lozenge  shaped.  When 
viewi'd  in  the  other  plane  (1),  the  inclusions  have  an  elliptical  profile. 

Fig.  3  Cat.  Granule's  of  the  alpha  cell  at  high  magnification  showing  the  peripheral 
envelope.  Tlie  inclusions  appear  to  be  homogeneous  in  character. 
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discs  of  this  sort  may  l)e  found  within  a  single  granule  (Fig.  2d,  e).  The 
sharply  angular  character  of  these  bodies  suggests  a  semicrystalline  or¬ 
ganization.  somewhat  comparable  inclusion  is  reported  by  Lacy  (2)  in 
the  dog  beta  cell. 

The  granules  of  the  beta  cells  are  enveloped  by  membranes  much  like 
those  investing  the  granules  of  alpha  cells  (Fig.  2).  The  envelope  encloses  an 
unorganized  matrix  of  substantial  density  as  well  as  the  crystalloid  ma¬ 
terial.  These  membranes  are  without  specific  affinity  for  RXA  granules, 
and  thus  are  not  regarded  as  a  part  of  the  endoplasmic  reticular  system. 
The  latter  system  is  quite  well  developed  in  beta  cells  as  descril)ed  below, 
and  there  is  no  possibility  of  confusion. 

In  the  guinea  pig,  the  granules  of  the  beta  cells  are  spherical  and  en¬ 
closed  in  a  membrane  that  does  not  make  contact  with  the  surface  of  the 
granule.  In  this  species,  granules  of  the  beta  and  alpha  cells  are  distinguish¬ 
able  maiidy  on  the  basis  of  density  (Fig.  7).  In  both  the  guinea  pig  and 
the  cat,  the  granules  of  the  beta  cells  lack  the  extreme  density  that  char¬ 
acterizes  those  of  the  alpha  cells  (Figs.  1,  7).  Lacy  (2)  also  reports  spherical 
granules  of  moderate  density  in  the  rat  and  rabbit. 

A  wide  variation  in  the  granular  content  of  beta  cells  is  observed  in  the 
guinea  pig.  Some  cells  are  seen  packed  with  granules  (Fig.  7)  while  others 
contain  very  few  (Fig.  6).  These  differences  exist  between  cells  of  a  single 
islet  as  well  as  from  one  animal  to  another.  It  is  tempting  to  think  that 
these  variations  may  depend  upon  differences  in  the  secretory  cjcle,  al¬ 
though  comparable  variations  are  not  observed  in  the  islets  of  the  cat. 
In  all  of  our  cats,  the  beta  cells  show  a  high  concentration  of  granules  (Fig. 
1). 

Beta  cells  of  the  guinea  pig  have  a  marked  polarization.  The  greatest 
concentration  of  granules  is  at  the  vascular  pole,  whereas  the  well-de¬ 
veloped  (Jolgi  zone  (Fig.  fi)  and  the  greatest  concentration  of  endoplasmic 
reticulum  tend  to  be  at  the  opposite  pole.  In  these  respects,  the  cell  differs 
markedly  from  the  alpha  cell.  In  the  cat,  the  polarity  of  these  systems  is 
not  as  well  developed  as  in  the  guinea  pig. 

Many  tiny  granules  pervade  the  beta  cell  cytoplasm,  giving  it  a  stippled 
appearance  (Fig.  7).  The  size  and  density  of  these  granules  make  it  likely 
that  they  are  RXA  granules  (10).  We  have  the  decided  impression  that 
these  granules  are  more  numerous  in  beta  cells  than  in  alpha  cells. 

Mitochondria  are  the  only  organelles  that  appear  .similar  in  all  respects 
in  both  alpha  and  beta  cells.  With  this  exception,  quantitative  or  (jualita- 
tive  differences  in  the  organelles  of  these  two  cell  types  are  to  be  empha¬ 
sized,  and  intergrades  between  the  cells  are  never  .seen. 

Eig.  4.  ('at.  Ill  tlu'  uiipiT  jiart  of  this  fimin*  is  the  cytoplasm  of  an  alpha  (•(>11  (n).  In 
the  lower  part  is  that  of  a  “f'ranulated  delta  cell”  (d)  as  deserihed  in  the  text.  The  con¬ 
tents  of  the  latter's  granules  themselves  are  finely  granular  and  are  of  relatively  low 
density.  Its  cytoplasm  is  vesiculated  (ves.)  like  that  of  the  typical  delta  cell. 
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Dvlta  ('ells.  Delta  cells  were  particularlv  sought  iu  the  cat  because  hotli 
alpl  la  and  l)eta  cells  are  always  richly  granulated  and  both  possess  dis¬ 
tinctive  characteristics.  A  fairly  rare  cell  with  nongranular  cytoplasm  is  to 
be  found,  and  presumably  represents  tlie  delta  cell  (Figs.  1,  ")).  A  fourth 
type  of  cell  is  also  present  occasionally,  having  a  similar  cytoplasm  but  con¬ 
taining  specific  granules  distinguished  from  those  of  alpha  cells  by  their 
low  density  and  internal  .structure  (Fig.  4),  and  from  granules  of  the  beta 
cells  by  their  spherical  form.  The.se  are  probably  to  be  regarded  as  ‘‘granu¬ 
lated  delta  cells”  (11). 

The  cytoplasm  of  the  delta  cell  is  di.stinctive  when  compared  with  that 
of  alpha  and  beta  cells  (Fig.  1).  If  one  ignores  the  specific  granules,  the 
overall  protoplasmic  density  is  greater  than  that  of  either  of  the  other  two 
cell  types.  The  cytoplasm  appears  to  contain  numerous  “vacuoles”  or 
“vesicles”  containing  an  amorphous  material  of  appreciable  electron  den- 
.sity  (Fig.  5).  The  encircled  zone  of  Figure  5  indicates  where  this  pattern 
can  be  seen  to  advantage.  The  “granulated  delta  cells”  (Fig.  4)  have  an 
identical  cytoplasm  in  which  vesicles  are  to  be  seen  together  with  the 
granules.  Vesicles  and  granules  are  of  the  same  general  size  and  it  seems 
likely  that  the  latter  may  be  derived  from  the  former.  The  .substance  of  the 
granules  is  itself  apparently  finely  granulated  or  vacuolated,  and  in  this 
respect  this  granule  differs  from  that  of  alpha  cells. 

The  delta  cells  of  the  cat  also  contain  occasional  elongated  den.se  bodies 
similar  in  size  to  mitochondria  (Figs.  1,  5,  mb.).  The.se  lack  internal  struc¬ 
ture  and  may  be  the  equivalent  of  “microbodies”  as  described  in  other  cell 
types  (12). 

The  (irolgi  apparatus  and  endoplasmic  reticulum  are  poorly  developed 
in  the  delta  cell.  There  is  but  a  spar.se  di.stribution  of  RNA  granules.  The 
scattered  mitochondria  are  not  distinguishable  from  tho.se  of  the  other  cell 
types. 

Occasional  nongranulated  cells  are  to  be  seen  in  the  i.slets  of  guinea  pigs. 
In  this  species,  though,  there  is  the  possibility  of  confusing  delta  cells  with 
poorly  granulated  beta  cells  or,  perhaps,  even  with  the  gamma  cells  that 
have  been  described  in  this  species,  and  which  probably  represent  intra- 
i.slet  duct  cells  (11).  For  the.se  reasons  we  confine  our  description  of  the 
delta  cell  to  the  cat.  Our  findings  are  in  general  agreement  with  Lacy  (2) 
and  with  Lacy’s  interpretation  as  published  by  Hartroft  (3). 


Fig.  5.  Cat.  Delta  cell  showing  the  charaeteri.stically  vesiculated  cytoplasm  (particu¬ 
larly  circled  area)  but  no  specific  granules.  Characteristic  dense  bodies  (mb.)  the  size 
of  mitochondria  are  found  typically  in  these  cells.  (These  may  represent  “microbodies” 
as  described  by  others.) 

Fig.  ().  (luinea  pig.  Beta  cell  cytoplasm  containing  in  this  instance  rather  few  specific 
granules  (compare  with  Figure  7).  Xumerous  Golgi  vacuoles  are  apparent. 
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Vascular  Relations  of  Islet  Cells.  Capillaries  associated  with  small 
amounts  of  connective  tissue  penetrate  through  the  pancreatic  islets.  The 
capillary  wall,  discussed  in  detail  hclow,  consists  of  an  endothelial  sheet 
resting  upon  a  thin  i)asement  meml)rane  (Fig.  t),  h.ni.).  .Vs  is  apparent  in 
Figure  S,  there  is  also  a  thin  basement  membrane  ib.m.)  between  the 
stroma  and  the  parenchymal  cells.  At  times  (but  l)y  no  means  always)  the 
vascular  pole  of  beta  cells  is  specialized  in  being  more  or  less  elaborately 
folded,  thus  producing  “pseudopods”  (p.  pod).  Between  the  pseudopods, 
and  within  the  parenchymal  basement  membrane,  “subcellular  spaces” 
{sitbcell.  s.)  may  be  conspicuous.  The  folding  of  the  basal  cell  surface  may 
be  regarded  as  providing  a  mechanism  increasing  the  area  available  for 
metabolic  exchange,  and  resembles  basal  anatomical  features  de.scribed  in 
the  kidney  (13,  14),  placenta  (15)  and  in  some  other  endocrine  glands  (16). 
Since  the  “subcellular  space”  often  is  not  patent,  it  may  have  only  a  transi¬ 
tory  existence  in  life,  or  it  might  even  be  only  a  potential  space  expanded 
as  an  artifact  during  fixation. 

Typical  nonmyelinated  nerve  fibers  are  commonly  seen  in  the  connective 
tissue  spaces  in  close  association  with  blood  vessels.  Schwann  cells  accom¬ 
pany  them.  It  has  not  been  possible  to  determine  with  certainty  whether 
or  not  such  autonomic  nerve  fibers  come  into  intimate  contact  with,  or 
terminate  upon,  the  parenchymal  cells.  Structures  resembling  naked  nerve 
fibers  are  seen  occasionally  within  the  parenchymal  basement  membrane 
and  in  intimate  contact  with  secretory  cells.  It  is  difficult,  however,  to  pre¬ 
clude  the  possibility  that  these  may  be  isolated  pseudopods  of  neighboring 
beta  cells  rather  than  being  nerve  processes.  They  lack  “synaptic  vesicles” 
or  “synaptic  membranes”  which  might  otherwise  positively  identify  them. 

Xeuro-insular  complexes  consisting  of  an  intimate  association  of  islet 
and  sympathetic  ganglionic  cells  have  been  described  (17)  as  exceptional 
structures  in  the  midst  of  exocrine  acinar  tissue.  On  a  single  occasion  we 
observed  one  of  these.  What  were  clearly  islet  cells  were  embedded  in  an 
autonomic  ganglionic  ma.ss.  Unfortunately,  the  exact  relation  between 
nerve  processes  and  islet  cells  could  not  be  determined  for  the  plane  of  sec¬ 
tion  was  unfavorable  for  delimiting  exactly  most  of  the  cell  boundaries. 

The  Capillary  Wall.  The  capillaries  of  the  pancreatic  islands  consist  in 
most  places  of  an  attenuated  endothelial  sheet.  At  high  magnifications  this 
often  shows  interruptions  (Fig.  9).  When  viewed  in  the  horizontal  plane 
tangential  to  the  capillary  surface  (Fig.  10),  the  endothelium  is  seen  to  be 
penetrated  by  a  system  of  pores  approximately  0.05  y  in  diameter.  Compa¬ 
rable  endothelial  pores  of  the  peritubular  capillaries  of  the  kidney  studied 
by  Pease  (18)  were  0.06  y  in  diameter.  Similar  fenestrations  of  the  glo- 

Fig.  7.  Guinea  pig.  The  cytoplasm  of  a  beta  cell  (6)  and  adjacent  alpha  cell  (a)  is 
compared.  The  greater  density  of  the  granules  of  the  alpha  cell  is  apparent.  The  beta 
cell  cytoplasm  has  an  extensive  development  of  endoplasmic  reticulum  partly  visible 
here  and  with,  perhaps,  more  tiny  RX.V  granules  than  the  alpha  cell. 
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inerular  capillaries  were  approximately  twice  as  wide.  The  question  as  to 
whether  or  not  these  fenestrations  exist  in  life  or  are  artifactual  was  consid¬ 
ered  in  some  detail,  and  it  was  concluded  that  they  probably  have  a  true 
existence.  Their  existence  may,  of  course,  be  transitory. 

The  capillary  basement  membrane  con.si.sts  of  a  den.se  lamina  (Fig.  9), 
and  a  layer  of  low  density  between  this  and  the  endothelial  sheet.  The  lat¬ 
ter  zone  has  been  called  a  “cement  layer”  (18).  It  is  reasonable  to  think 
that  the  dense  lamina  provides  the  .structural  support  for  the  capillary.  The 
fenestrations  of  the  endothelial  sheet  are  of  such  a  size  that  they  would  not 
constitute  a  barrier  to  diffu.sion  processes.  Thus,  the  only  continuous  bar¬ 
rier  between  plasma  and  connective  ti.s.sue  fluid  would  seem  to  be  the  ba.se- 
ment  membrane. 
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Ffo.  8.  Guinea  pig.  A  vi('\v  showing  relations  Ix'tween  pareFichymal  cells  aFid  the 
vasciFlar  b(>d.  The  capillary  lumen  (cap.  lum.)  is  indicat(*d.  The  endothelial  portioFi 
(end.)  of  the  capillary  wall  is  visible.  There  is  a  conFiective  tissue  spac(*  (c.t.s.)  followed 
by  the  parencliyFiial  ba.seFuent  membrane  (h.m.).  In  this  ar(‘a,  the  basal  portions  of  beta 
cells  are  folded  to  produce  pseudopods  (p.  pod)  which  extend  into  a  subcellular  space 
(subcell.  s.). 

Ffg.  9.  Guint'a  i)ig.  High  FuagFiificatioFi  of  a  transvers«*  .sectioFi  through  a  capillary 
wail.  'I'he  endothelium  (end.)  is  indicati'd.  .\rrow.s  poiFit  out  soFue  of  the  interruptioFis 
iFi  this  sheet.  The  capillary  basement  FueFubrane  (h.m.)  is  visible.  .\  low-density  “cement- 
iFig  layer”  betw«*i‘n  the  capillary  bastmumt  m«‘FFd)rane  and  the  overlying  (uidotht'liuFn 
can  be  seeFi. 

Ffu.  10a,  b.  Guinea  |tig.  Nearly  horizontal  views  of  capillary  surfaces  at  high  magni- 
ficatioFi.  The  den.s(‘  material  is  the  eFulothelial  layer  of  the  capillary  wall,  .\rrows  Iff- 
dicate  where  pores  through  this  sheet  may  be  s(*pn  to  advantge.  Note  the  regularity  of 
size  and  spacing. 
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ABSTRACT 

Rats  received  2.5  mg.  and  5  mg.  of  cortisone  acetate  and  or  various  amounts 
of  protamine  zinc  insulin  for  4  and  14  days,  respectively.  Insulin  produced 
markedly  accelerated  oxidation  of,  and  lipogenesis  from,  radio  glucose  by  sur¬ 
viving  liver  and  adipose  tissue.  The  efTect  of  liver  \yas  temporary;  adipose  tissue 
metabolism  remained  elevated  throughout  the  experiment.  Pre-treatment 
with  cortisone  diminished  oxidation  and  lipogenesis  in  both  tissues,  .\fter 
simultaneous  administration  of  both  hormones,  the  insulin  effect  was  the  pre¬ 
vailing  one.  Insulin  stimulated  adipose  tissue  metabolism  in  vitro  to  the  sanu* 
degree  as  after  administration  in  vivo.  It  is  theorized  that  the  adijrosity  seen  in 
hyperadrenocorticism  may  be  caused  by  the  prevailing  effect  of  insulin  on 
adipose  ti.ssue  growth  and  adipose  tissue  lipogenesis. 

IN  AN  earlier  communication  it  was  shown  that  insulin  administration 
accelerates  fat  deposition  in,  and  growth  of,  adipose  ti.s.sue.  This  efTect 
is  only  moderately  and  inconsistently  diminished  by  simultaneous  corti¬ 
sone  injections  (1).  The  increased  food  con.sumption  observed  in  such  ani¬ 
mals  could  have  caused  augmented  fat  storage.  On  the  other  hand,  direct 
stimulation  of  fat  cells  by  in.sulin  seems  conceivable,  since  pre-treatment 
with  this  hormone  greatly  enhances  lipogenesis  by  liver  (2)  and  adipose 
tissue  (3).  Adrenocorticosteroids  are  known  to  suppress  lipogenesis  in  rats 
(4,  5).  Hi.stological  evidence  indicates  compen.satory  increased  release  of 
either  hormone  in  the  presence  of  excess  amounts  of  the  other,  antagonistic, 
one.  Therefore,  comparative  studies  were  performed  in  order  to  determine 
the  effect  of  combined  in.sulin  and  corti.sone  administration  on  hepatic  and 
adipose  tissue  metabolism.  Lipogenesis  from,  and  oxidation  of,  radioglu¬ 
cose  were  investigated  in  rats  treated  for  different  periods  of  time  with 
either  hormone,  or  both  hormones  together.  In  addition,  the  effect  of  in¬ 
sulin  added  to  surviving  liver  and  adipose  tissue  were  studied. 

EXPERIMENTAL 

Male  Wistar  rats,  weighing  between  240  and  .300  gm.  at  the  onset  of  the  experiment 
and  showing  a  daily  weight  gain  of  at  least  2.5  gm.,  were  used.  They  were  fed  Purina 
Laboratory  Chow  and  were  weighed  daily. 
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In  the  first  part  of  this  investigation,  C'ortisone  aeetate,  2.5  mg.  and  5  mg.,  respec¬ 
tively,  and  Protamine  zinc  insulin  (Lilly)  were  administered  once  per  day  for  different 
time  periods.  The  last  injection  was  given  about  two  hours  before  .sacrifice.  The  rats 
were  sacrificed  by  skull  fracture,  exsanguinated,  and  the  tissues  processed  rapidly. 
Pooled  hepatic  and  adipose  tissues  of  3  rats  were  used  in  each  experiment;  these  were 
incubated  in  Krebs-Henseleit  buffer  containing  400  mg.%  of  glucose  for  3  hours  at  37 
degrees  Centigrade.  'I'he  same  incubation  and  analytical  methods  were  used  as  in  an 
earlier  investigation  (3).  Most  experimental  animals  received  5  mg.  of  cortisone  anil  or 
12  units  of  insulin  for  periods  of  4  or  14  days,  respectively.  Only  the  results  obtained 
from  this  group  are  shown  in  Table  1. 

In  the  second  part  of  this  study,  liver  and  adipose  tissue  from  fed  rats  were  incubated 
in  the  same  manner,  and  varying  amounts  of  crystalline  insulin  were  added  to  the 
medium.  The  experimental  and  analytical  procedures  were  the  same  as  in  the  first  part. 

RESULTS 

A.  Incorporation  of  glucose  carbon  into  CO2  and  fatty  acids 

Insulin:  In.sulin  was  administered  in  a  dosage  of  from  4  to  80  units  per 
day.  Increased  gain  of  body  weight  was  noted  in  all  animals,  the  gain  being 
usually  more  marked  and  more  consistent  in  rats  receiving  more  than  12 
units  of  insulin.  This  higher  dosage,  however,  was  well  tolerated  only  dur¬ 
ing  the  first  2  or  3  days.  Thereafter,  many  animals  receiving  only  insulin 
succumbed  to  hypoglycemic  attacks  although  5%  sucro.se  was  added  to 
the  drinking  water.  Two  groups  of  3  rats  each  received  4  units  of  insulin 
for  4  and  14  days,  respectively.  Twelve  other  rats  were  injected  with  40 
and  80  units;  only  two  of  these  animals  survived.  In  addition,  3  animals 
received  12  units  for  42  days.  Lipogenic  activity  in  rats  receiving  the 
higher  or  lower  dosage  did  not  differ  significantly  from  that  observed  in 
animals  injected  with  12  units  for  4  and  14  days,  respectively.  These  latter 
values  are  shown  in  Table  1. 

Hepatic  oxidation  and  lipogenesis  were  considerably  accelerated  after 
pre-treatment  with  insulin  for  4  days.  Continuation  of  hormone  adminis¬ 
tration,  however,  always  resulted  in  a  return  to  normal  levels  of  activity. 

Adipo.se  tissue  normally  utilizes  le.ss  glucose  for  oxidation  than  liver,  but 
more  than  ten  times  as  much  for  lipogenesis.  Pretreatment  with  insulin 
produced  a  marked  increase  of  both  lipogenesis  and  oxidation,  which  was 
of  approximately  the  same  order  of  magnitude  throughout  the  entire  ex¬ 
perimental  period.  The  values  after  42  days  were  within  the  same  elevated 
range. 

Cortisone:  In  addition  to  the  animals  injected  with  0  mg.  of  cortisone, 
4  groups  of  3  rats  each  were  injected  with  2.5  mg.  of  corti.sone  daily  for  4 
and  14  days,  respectively.  Gain  of  body  weight  was  markedly  reduced  by 
the  higher  cortisone  dose,  and  slightly  less  so  by  the  administration  of  2.5 
mg. 

Administration  of  5  mg.  of  cortisone  daily  for  4  days  diminished  hepatic 
lipogenesis  to  approximately  a  third  of  the  norm,  oxidation  slightly  less. 
Prolonged  steroid  administration  did  not  change  the  diminished  rate  of 
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oxidation,  and  lipogenesis  sliowed  a  not  sif^nificant  increase.  Adipose  tissue 
lipopenesis  was  rednced  to  one-tiftli  of  tlie  norm  after  4  days,  oxidation 
not  (piite  as  rnncli.  .V  further  hnt  not  sifjnificant  decrease  was  noted  aft('r 
14  days  (Table  1). 

Daily  administration  of  2.0  nif^.  of  cortisone  did  not  iidlncnce  hepatic 
lipogene.sis  and  oxidation  within  the  4  day  period.  Adipose  ti.ssue  oxidation, 
however,  was  reduced  to  30%,  and  lipogenesis  to  00%  of  the  norm.  Pie- 
treatment  for  14  days  lowered  gluco.se  utilization  for  both  metabolic  proc¬ 
esses  in  either  tissue  to  the  same  level  as  did  administration  of  o  mg.  of 
cortisone. 

Cortisone  and  insulin:  The  results  of  the  experiments  in  which  5  mg.  of 
cortisone  together  with  12  units  of  insulin  were  administered  daily  are 
shown  in  Table  1.  In  some  additional  groups  of  3  rats  each,  variable 
amounts  of  insulin  were  administered,  the  dosage  of  cortisone  remaining 
the  .same.  Two  groups  received  4  units  of  insulin  each,  and  two  other 
groups  up  to  120  units  of  insulin  for  4  days.  This  latter  amount  was  ad¬ 
ministered  in  gradually  increasing  do.se,  120  units  being  injected  on  each 
of  the  last  2  days  of  the  experiment. 

Rats  receiving  4  units  of  in.sulin  showed  only  .slightly  accelerated  weight 
gain;  120  units  produced  a  considerably  accelerated  weight  gain,  which 
amounted  to  approximately  10%  of  the  weight  at  the  beginning  of  the 
experiment. 

Despite  the  different  weight  gain  and  in.sulin  dosage,  e.s.sentially  the  same 
results  were  observed  in  all  groups.  Hepatic  lipogenesis  and  oxidation 
showed  marked  variations;  the  average  values  were  above  the  norm  after  4 
days  of  treatment,  and  remained  within  the  normal  range  after  14  days. 
Adipo.se  ti.ssue  demon.strated  markedly  enhanced  oxidative  and  lipogenic 
rates.  Although  the  values  ob.served  were  partly  lower  than  in  animals  re¬ 
ceiving  only  insulin,  they  were  still  3  to  4  times  higher  than  in  controls. 
No  significant  decrease  was  observed  after  prolonged  treatment.  Similarly 
as  in  the  liver,  no  relationship  between  weight  gain  and  ti.s.sue  activity  was 
observed. 

B.  Ejffect  of  insulin  on  tissue  metabolism  in  vitro 

Eighteen  experiments  were  performed  in  which  insulin  was  added  to  the 
medium.  Concentrations  of  0.3  to  2.5  units  of  crystalline  insulin  per  milli¬ 
liter  of  medium  were  used.  The  glucose  concentration  in  these  experiments 
was  100  mg%  which  explains  the  lower  metabolic  values.  Duplicate  de¬ 
terminations  of  oxidation  and  lipogenesis  by  normal  tissues  rarely  showed 
a  variation  of  more  than  10  to  15%.  Occasionally,  differences  up  to  50% 
were  oh.served,  possibly  due  to  damage  to  the  tissues  during  preparation. 
Therefore,  no  changes  below  50%  were  considered  significant.  Figure  1 
.shows  the  re.sult  of  two  typical  positive  experiments.  A  positive  respon.se  of 
adipose  ti.s.sue,  which  was  ob.served  in  11  experiments,  was  always  pro- 
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Fig.  1.  Cilucose  utilization  by  livor  and  adiposi*  tissue  in  vitro,  without  and  with  addi¬ 
tion  of  insulin.  Pooled  tissues  from  8  rats,  i.e.  200  ins.  from  eaeh,  were  usial  in  eaeh 
exp(‘riment.  The  values  for  hepatie  lipoKenesis  an*  e.xjue.ssi'd  by  numlM'is.  The  lower 
lijiogenie  aetivity,  as  eompan'd  to  Table  1,  is  due  to  tbe  lower  f>;lueose  eonec'utration 
employed  (100  ms.  %). 

nounced  and  within  tlie  same  order  of  magnitude  as  after  pretreatment 
with  in.sulin.  Furthermore,  lipogenesis  was  always  more  affected  than  oxi¬ 
dation.  The  respon.se  liy  liver  was,  according  to  our  conditions,  not  signifi¬ 
cant  although  a  slight  increase  in  oxidation  and  lipogenesis  was  sometimes 
oh.served.  I'liis  part  of  our  study  is  being  continued. 

DISCUSSION 

Hepatic  lipogenesis  from  gluco.se  in  normal  rats  was  low.  Chernick  and 
Chaikoff  (2)  found  30  times  higher  values.  This  difference  is  due  to  the  fat- 
free  diet  employed  hy  the.se  investigators,  as  pointed  out  earlier  (0).  Adi- 
po.se  tissue  lipogenesis  was  more  than  10  times  higher,  a.s  already  observed 
in  earlier  investigations  (2,  0).  These  findings  compare  well  with  tho.se  of 
Favarger  and  Cerlach  (7).  In  their  inv  estigation,  mice  receiving  glucose 
intravenously  incorporated,  within  12  minutes,  about  14  times  more  glu¬ 
cose  carbon  into  fatty  acids  of  adipo.se  tissue  than  into  liver  fatty  acids. 

Insulin  enhanced  hepatic  lipogenesis  only  temporarily  and  inconsist¬ 
ently  while  adipose  tissue  lipogenesis  remained  accelerated  during  the  en¬ 
tire  period  of  insulin  administration.  Osborn  et  al.  (8)  also  observed  a  tem¬ 
porary  effect  of  insulin  on  liver  lipogenesis,  with  a  maximum  of  activity  on 
the  fifth  day. 

The  re.sults  of  this  study  confirm  the  inhibitory  effect  of  cortisone  on 
lipogenesis  ob.served  by  earlier  investigators.  Simultaneous  in.sulin  ad¬ 
ministration  not  only  ov’ercame  this  inhibition  but  the  in.sulin  effect  re¬ 
mained  the  prevailing  one.  These  findings  are  in  agreement  with  a  report 
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by  McXaught  ct  at.  (b)  on  the  in  i^n’oetYect  of  eorti.soiie  ami  hydrocortisone, 
aTid  insulin,  on  lipogenesis  from  glucose  by  mammary  gland  tissue.  Sim¬ 
ilarly,  Kupperman  ct  al.  (10)  failed  to  observe  inhibition  of  the  hypogly¬ 
cemic  effect  of  insulin  by  hydrocortisone. 

Addition  of  insulin  to  adipose  tissue  produced  inconsistent  effects  during 
the  three  hours  of  the  experimental  period.  However,  insulin  administra¬ 
tion  to  rats  fasted  overnight  accelerates  adipose  tissue  lipogenesis  markedly 
(11),  an  observation  which  excludes  increased  food  intake  as  a  cause  of  the 
changes  in  lipogenic  activity.  There  are  several  other  findings  which  also 
suggest  a  direct  effect  of  insulin  on  fat  cells.  Sano  (12)  reported  increased 
gh'cogen  formation  after  addition  of  insulin  to  surviving  adipose  tissue, 
and  Krahl  (13)  noted  accelerated  glucose  uptake  under  similar  conditions. 
Increased  fat  deposition  at  the  .site  of  insulin  injections  was  seen  by  Rcnold 
ct  at.  (14)  and  Sidman  (1.5)  found  enhanced  glycogen  and  fat  formation 
after  adding  in.sulin  to  adipo.se  tissue  cultures. 

It  was  shown  in  an  earlier  .study  that  in.sulin  administratioji,  even  in  the 
presence  of  excess  cortisone,  promotes  increased  growth  of,  and  accelerated 
fat  depo.sition  in,  adipo.se  ti.s.sue  (1).  The  results  of  this  investigation  indi¬ 
cate  that  the  latter  proce.ss  is  at  least  partly  caused  by  accelerated  new 
formation  of  fat  in  loco. 
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THE  EFFECT  OF  ('HAXGE  IN  CHEMK’AL  STRUC'- 
TURE  OF  SOME  THYROXINE  ANALOGUES  ON  THE 
METAMORPHOSIS  OF  RAXA  PIPIEXS  TADPOLES* 
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ABSTUAC’T 

Korty-tlircc  difTcrciit  substance's  structurally  related  to  tliyroxiiic  were 
assayed  for  their  metamor|)hosiuK  effect  on  Rana  f)ii)iens  tadpoles.  Triiodinate'd 
compounds  with  iodine's  at  the*  peisitieens  we*re‘  feeunel  ine)re'  active  than 

tetraieeelinate'el  eejinpeuinels.  The'  3.5-  anel  3,3'  eliieeelinate'el  e'ompe)unels  te'ste'el 
alse»  liael  se)ine'  activity  e'xe'e'jd  feu-  the  3,5  eliie)ele)thyre)fe)rniie  aeiel.  None'  e)f  the' 
ine)ne)ie)elinate'el  eeeinpemnels  assaye'el  sheeweel  bie)le)Kieal  activity.  The'  meist  active' 
ee)mi)ejund  stuelie'el  was  3.3'.5-triieMle)thyre)pre)pie)nic  aeiel  which  was  300  time's 
meire  peite'iit  that  /-thyre)xinc. 

IN  1912  Giielernatscli  (1)  .showed  tliat  tadpole  metamorphosis  was  under 
the  eontrol  of  the  thyroid  glatid.  Since  these  original  observations,  many 
iodinated  compoimds  have  l)ee?i  reported  capable  of  inducing  amphibian 
metamorphosis.  Recently  the  relationship  of  thyroxine-like  metamorpho.s- 
i?ig  activity  and  chemical  structure  of  some  compounds  has  been  studied 
by  Roche  et  al.  (2)  and  reviewed  by  Bruice  et  al.  (3). 

The  recent  di.scovery  of  naturally  occurring  thyroxine-like  compou?uls 
has  stimulated  research  on  analogues  and  their  effect  on  tadpole  meta¬ 
morphosis.  It  seemed,  therefore,  of  some  importance  to  undertake  a  study 
to  relate  chemical  structure  of  thyroxine  analogues  to  their  biological  ac¬ 
tivity  as  manifested  by  amphibian  metamorphosis.  The  results  of  a  study 
using  .some  thyroxine  analogues  and  Rana  pipirns  tadpoles  are  presented 
in  this  report. 


MATERIALS  AND  METHODS 

Tadpoles  wc'ic'  obtained  by  exi)eiim('ntally  induced  ovulation  and  fertilization  (4,  5). 
'I'lu'  animals  wc'H'  rearc'd  in  spring  water  at  room  tem])erature  and  fed  a  di<'t  of  boiled 
sjjinaeh.  Ovf'rerowding  was  avoided  as  much  as  possible  and  water  ehang('d  wlu'never 
it  became  I'loudy.  When  the  tadpoles  reaclu'd  the  desired  length  they  were  used  for 
assay  of  the  te.st  eompounils.  All  assays  were  done  in  a  constant  t('mj)eratur('  (72-74°  F). 
The  assay  was  esst'iitially  that  of  Shellabarger  and  ('lodwin  (b),  only  slightly  modified 

lteceiv('d  Novembi'r  10,  1057. 

'  This  investigation  was  supported  iu  jjart  by  grants-in-aid  (Kl)('-20(',  l*-.5(),  1*-S1) 
fnun  the  .Vmerican  C'ancer  Soeiety.  It  also  received  support  in  part  from  a  research 
grant  (C-2052)  from  the  National  Cancer  Institute  Public  Health  Service. 
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for  our  jjurposos.  Tsually  10  tiidpoh's  were  u.s(m1  for  each  dilution  of  the  tost  solution. 
Tilt*  tost  ooiniiounds  wort*  assayod  at  lovols  of  hotwoon  throo  and  .sovon  difforont  oonoon- 
trations.  In  all,  approxiinatoly  0,000  tadpolos  woro  usod  for  assay  of  the  difforont  com¬ 
pounds. 

Tlio  ooinpounds  usod  oonsistod  of  43  difforont  substanoos  synthosizod  mainly  in  tho 
Warnor-Chilcott  Laboratorios.'*  'I'lioso  oom|)ountls  woro  all  diphonyl  others  structurally 
related  to  thyroxine. 

EXI>EU1ME.\T.\L  (’ONSlDEU.VriON'S  .\XI)  RESULTS 

Tho  validity  of  results  obtained  in  tin*  bio-assay  of  oomiiounds  usod  in  minute  (pianti- 
tios  and  dilute  ooncontrations  is  limited  by  several  factors.  From  tho  literature  it  is 
apparent  that  those  limiting  factors  have  not  always  boon  considorc'd  in  assays  usinj' 
tadpolos.  It  would  seem  worthwhile,  therefore,  to  jioint  out  some  of  tho  iirobloms  which 
make  evaluation  of  such  data  difficult.  The  first  consideration  is  the  solubility  of  tho 
oomiiound  boins  as.sayod.  'riio  ])r(*parations  usod  in  this  report  wori^  froiiuontly  soluble 
in  XaOH,  H('l  or  ethyl  alcohol,  but  .some*  woro  not  soluble  in  any  of  those.  When  tho 
latter  was  tho  case  it  was  nocos.sary  to  ad<l  tho  material  as  a  suspension  to  tho  wat(‘r  in 
which  tho  tad|)olos  lived.  However,  oven  soluble  compounds  may  not  have  remained 
in  solution  after  bein};  added  to  the  beakers  eontainiiiff  the  tadpcdc's.  Indeed  this  ap¬ 
peared  to  be  true  with  some  .samples  used  in  the  jnesent  studies.  It  would  follow,  then, 
that  if  compounds  ])recipitated  (»ut  of  solution,  they  mif^ht  have  had  less  chanee  of 
exerting  a  biological  effect  on  the  tadjades  and  the  results  of  such  assays,  ])articularly 
the  (piantitative  value,  would  be  oi)en  to  (piestion.  The  second  im|)ortant  consideration 
coneerns  the  problem  of  the  stability  of  the  ooinpounds  either  in  stock  solutions  or  after 
bi'ins  added  to  the  tadpole  bath.  We  have  found  that  the  biological  activity  of  some 
eomiamnds  ehaiif^i'd  rather  markedly  in  stock  solution  evt*n  when  maintaiiu'd  in  tho 
dark  and  cold.  If  such  were  the  ease,  it  naturally  follows,  that  assay  of  unstable  com- 
])ounds  would  lead  to  spurious  results  and  unjustified  eonclusions.  'riie  third  and  perhajis 
mo.st  serious  error  in  evaluating'  eomjiarative  assays  of  the  inesent  type  stems  from  tho 
degreo  of  purity  of  the  compounds  bein>!;  tested.  'I'lie  contaminant  jiresent  could  produce 
a  fantastic  error  in  ealculatiiif!;  biological  activity.  On  the  other  hantl,  contaminants 
with  low  biological  activity  would  result  in  values  much  less  than  actually  ])r*‘S(*nt.  In 
this  re])ort  we  an*  reasonably  certain  contamination  existed  in  some  eomiionnds.  Most 
of  the  eom|)ounds  jirodueed  by  the  Warner-Chileott  Laboratorii's  a])|)(‘ared  on  tin*  basis 
of  paper  partition  ehromatoKiaidiy  to  have  relatively  little  contamination.  'I'he  3,3',o- 
triiodothyroacetie  acid,  3,3',5-triiodothyroformie  acid  and  the  3,3',r)-triiodothyropro- 
jiionie  acid  may  have  eontaineil  as  much  as  5-10%  impurity.  With  these  limitations  in 
miml  the  pn'sent  study  is  beins  rejiorted.  Whenever  there  was  reason  to  (piestion  either 
the  solubility,  stability,  contamination  or  tin*  results  of  tin*  assays,  this  has  been  indi¬ 
cated  below.  'I'lie  calculated  values,  shown  in  the  figures,  indicate  the  biological  eff(*c- 
tiveness  of  the  compounds  relative  to  /-thyroxine  which  was  given  an  arbitrary  effec¬ 
tiveness  ('qual  to  100.  This  calculated  potency  is  based  on  eith(*r  the  actual  amount  of 
the  compound  used,  or  a  calculated  amount,  by  weight,  from  a  series  of  dilutions  assay(*d 
at  the  same  tiim*.  This  amount  of  compound  would  result  in  a  20  25%  avi'i  age  decrease 
in  tadpole  body  length  after  10  days  of  tiTatment,  and  would  be  e(piivalent  to  5-0 
micrograms  of  /-thyroxiin*. 

-  Smith,  Kline  and  Fri'iieh  Laboratories  furnislu'd  the  3,3',.5-triiodo-/-thyronine. 
Trav(*nol  Laboratorii's,  Inc.  suiiplied  the  /-thyroxine.  The  3.5-diiodo-thyrobutyric  acid, 
3.3',5-ti>>()dothyrobutyric  acid  and  3,3',5,5’-tctraiodothyrobutyric  acid  were  obtain(*d 
from  Cyclo  Chemical  Company.  The  3, 3', 5,5'-tetrachloro-e/, /-thyronine  was  furnished 
by  Doctor  J.  Lcrman  and  synthesized  by  Sir  C.  R.  Harington. 
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Compounds  have  been  considered  inactive  if  they  produced  no  iiiological  response 
when  tested  at  a  maximal  dose  of  500  Such  a  dose  would  be  90-100  times  the  dose 
of  /-thyroxine  required  to  produce  the  desired  20-25%  reduction  in  tadpole  length.  In 
the  case  of  compounds  listed  as  inactive,  the  growth  of  tadpoles  was  similar  to  that  of 
untreated  control  animals. 

For  the  sake  of  simplicity  the  data  are  ])resented  on  the  basis  of  their  relationshij) 
to  the  basic  molecular  configuration.  The  arrangement  of  the  compounds  in  the  figures 
is  purely  arbitrary  and  does  not  imply  conversion  of  one  compound  into  another.  Most 
of  the  compounds  listed  do  not  exist  in  optically  active  forms.  For  those  which  do  have 
optical  isomers  indication  has  been  made  below  as  to  which  forms  were  used. 

I.  REL.\TIVE  MET.\MORPHOSIXG  ACTIVITY  OF  THE  THYROXINE  SERIES 

Figure  1  shows  that  four  of  the  nine  thyronine  compounds  a.s.sayed  were 
completely  inactive.  The  only  compound  more  active  was  8,3',o-tiiiodo-/- 
thyronine,  which  was  five  times  more  active  than  thyroxine.  The  reverse 


(  100)  (I) 

>CH,  CHCOOH 
^  I 
NH2 


(12)  (d.l) 

0  ^  >CH2  CHCOOH 
Cl  NH, 


(500)  (I) 


(  40)  (I) 


(INACTIVE)  (d,l) 

CH, CHCOOH 
‘  I 


'2 


Fig.  1.  The  relative  metamorphosing  activity  of  the  thyronine  series.  The  first 
numbers  in  brackets  indicat<‘  the  calculated  biological  i)otency.  The  second  bracket 
indicates  the  isomer  used  (either  l,d,  or  d,l). 
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triiodo-rf, /-thyronine  (3, 3', o')  was  inactive  at  tlie  dose  tested  (lack  of  ani¬ 
mals  prevented  testing  at  higher  doses).  Tliis  compound,  liowever,  lias 
been  reported  to  show  1,  20  the  activity  of  d, /-thyroxine  (2).  The  difference 
in  activity  between  3,3 '-diiodo-d, /-thyronine  and  3,o-diiodo-/-thyronine 
may  be  due  to  the  fact  that  the  former  was  in  the  racemic  form  while  the 
latter  was  present  as  the  /-form.  If  one  assumes  that  the  d-isomer  is  inac¬ 
tive  then  the  results  of  both  assays  would  be  essentially  identical.  Whether 
or  not  this  assumption  is  justified  is  still  an  open  question  from  our  data. 
On  the  basis  of  unpublished  studies  we  are  inclined  to  feel  that  under  cer¬ 
tain  conditions  the  d-form  may  be  active.  3,3',5,5'-tetrachloro-d,/- 

(100)  (I) 

CH3CHC00H 

NHg 


HO' 


(1200) 


>CH2CH2CH2  COOH 


(1200) 


V°\_  /CH2CH2CH2  COOH 
I 


(300) 

CH2  CH2CH2COOH 


Fig.  2.  Relative  metamorphosing  activity  of  tlie  thyroliutyric  acid  series. 


thyronine  had  some  activity,  but  the  results  are  considered  questionable 
because  of  uncertain  stability  of  the  compound  in  .solution. 

II.  RELATIVE  METAMORPHOSING  ACTIVITY  OF  THE 
THYROBUTYRIC  ACID  SERIES 

At  present  only  three  compounds  of  this  series  have  been  assayed  (Fig. 
2).  In  all  three,  the  re.sults  mu.st  be  considered  ipiestionable  owing  to  the 
limitations  discus.sed  above,  particularly  since  paper  partition  chroma¬ 
tography  showed  these  samples  to  be  contaminated.  (The  exact  nature  of 
the.se  contaminants  has  not  been  determined.)  On  the  basis  of  the.se  data 
(in  Fig.  2),  however,  it  would  appear  that  both  the  tetra-  and  triiodinated 
forms  have  the  same  amount  of  activity.  The  diiodinated  compound  ap¬ 
pears  more  active  than  thyroxine  but  less  so  than  the  other  two  com¬ 
pounds.  It  is  obvious  that  additional  determinations  of  related  compounds 
must  be  made  to  evaluate  the  effectiveness  of  the.se  .substances. 
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III.  RELATIVE  METAMORPHOSING  ACTIVITY  OF  THE 
THYROPROPIOXIC  ACID  SERIES 

As  may  he  seen  in  Figure  3,  fourteen  structurally  related  compounds 
of  this  series  were  compared  to  thyroxine.  Half  of  these  were  considered 
inactive  while  the  others  showed  various  degrees  of  potency.  The  biologi¬ 
cal  activity  ranged  from  es.sentially  trace  amounts  to  the  most  active  com¬ 
pound,  3,3',5-triiodothyropropionic  acid  which  was  300  times  more  potent 
than  thyroxine.  Moreover,  the  tetraiodinated  form  is  also  highly  active, 
and  both  the  3,o-  and  3,3'-diiodothyropropionic  acid  compounds  show 
greater  activity  than  thyroxine.  In  contrast  to  the  highly  active  3,3', 5 
compound  the  reverse  form  (3,3',o')  appears  to  be  low  in  potency.  The 
ethyl  /3-[3-amino-4-(4'-methoxyphenoxy)-phenyl]-propionatc  appears  more 


(600) 

CH2CH2C00H 


(600) 


(WACTIVE-TOXIC  500  B) 

H0<5v 


(INACTIVE) 


/==\  /^=\ 

C02C2H5 


(INACTIVE) 

(300)  /''®Z®2”5 

_ /CH2CH2C00C2H5  CHjO^ _ _ ^CHgCH 

-  NH  "°2"2H5 

NO-  ^ 

(INACTIVE) 

CH«CHC00H 


CH30<^ 

CHjP^  .^CH-CHCOOC 


NO2 


(INACTIVE) 


^  ^CH-CHC00C2Hg  CHjO 

‘  NO2 


'^COgCjHj 


Fig.  3.  Relative  metamorphosing  activity  of  the  thyropropionic  acid  series. 
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Fig.  4.  Rdativo  iiK'tainoipliosinK  activity  of  the  tliyroacetic  acid  .scries. 


active  than  thyroxiiie,  l)ut  tlie  validity  of  these  results  is  uncertain  hecau.se 
of  .solubility  difficulties  with  the  former  compound.  It  might  he  noteworthy 
that  this  compound  contains  no  halogen.  A  small  amount  of  biological  ac¬ 
tivity  was  pre.sent  in  the  ethyl  3-nitro-4-(4'-methoxy-phenoxy)-cinnamate 
when  tested  at  relatively  high  doses. 


IV.  REL.\TIVE  MET.\MORPHOSI\G  .\CTIVITY  OP’  THE 
THYRO.\(’ETIC  ACID  SERIES 

Seven  different  compounds  of  this  .series  were  compared  with  thyroxine 
for  biological  activity  (Fig.  4).  Three  of  the.se  were  inactive  when  tested 
at  the  maximal  do.se  of  oOO  jug.  TIk*  other  compounds  showed  variable 
biological  potency.  The  triiodinateil  material  was  24  times  and  the  tetra- 
iodinated  10  times  more  active  than  thyroxine.  The  3,5-diiodoth.vroacetic 
acid  preparation  proved  to  be  about  1/3  as  active  as  thyroxine.  Substitu- 
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tion  of  a  luethoxyl  }5i()up  to  roplaco  the  hydroxyl  at  the  4'  position  of  this 
compound  appeared  to  decrease  the  biological  activity  even  further. 

V.  RELATIVE  METAMORPHOSING  ACTIVITY  OK  THE 
THYROFORMIC  ACID  SERIES 

Of  the  nine  compounds  tested  in  this  series  (Fig.  o)  only  the  tetra-  and 
triiodinated  thyroformic  acids  showed  significant  biological  activity.  The 


(100)  (I) 


(25) 


(200) 


(INACTIVE) 


(INACTIVE) 


(75) 


(T0XIC-20U) 


(TOXIC-175  B) 


(INACTIVE) 


(INACTIVE-TOXIC  500U) 


Fig.  a.  Relative  metamorphosing  activity  of  the  thyroformic  acid  series. 
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latter  was  the  only  one  which  appeared  more  active  than  thyroxine.  Methyl 
3,o-diio(lo-4-(3'-io(lo-4'-methoxyphenoxy)-henzoate  had  less  than  1  10  the 
activity  of  thyroxine.  Three  of  the  others  were  toxic  and  killed  tadpoles 
in  doses  too  low  to  determine  biological  activity. 

COMMENTS  AND  CONCLUSIONS 

The  original  objective  of  this  study  was  an  attempt  to  relate  chemical 
structure  of  some  thyroxine  analogues  to  their  biological  activity  as  evi¬ 
denced  by  amphibian  metamorphosis.  Certainly,  many  more  analogues 
must  be  studied  before  an  exact  correlation  can  be  made.  However,  certain 
conclusions  apparently  can  be  made  on  the  basis  of  the  data  presented 
above.  Triiodinated  compounds  appear  more  active  than  the  tetraiodinated 
ones  when  the  iodines  are  at  the  3, 3', 5  positions.  It  is  not  possible  from  the 
present  data  to  state  conclusively  that  the  3, 3', 5'  triiodinated  compounds 
are  less  active  than  thyroxine  and  the  3,3 ',5  triiodinated  compounds.  Only 
two  of  the  3,3',o^  compounds  have  been  tested  and  both  were  less  active 
than  the  3,3',o  compounds.  Additional  preparations  must,  however,  be  as¬ 
sayed  before  this  point  can  be  clarified. 

In  the  present  series  of  assays,  when  triiodinated  compounds  were  ac¬ 
tive,  the  diiodinated  compounds  (either  3,5  or  3,3')  also  had  some  activity, 
except  for  the  3,5  diiodoformic  acid.  Neither  the  monoiodothyronine  nor 
the  monoiodothyropropionic  acid  compounds  showed  activity.  The  ac¬ 
tivity  of  other  monoiodinated  compounds  is  not  known  and  requires  future 
assay. 

In  terms  of  activity  per  unit  weight  of  material  the  most  active  com¬ 
pound  tested  was  3,3',5-triiodothyropropionic  acid  which  was  300  times 
more  potent  than  /-thyroxine.  The  next  most  active  compound  was 
3,3',5,5'-tetraiodothyropropionic  acid  which  was  80  times  more  active  than 
thyroxine.  The  3,3',5-triiodothyroacetic  acid  and  3,3',5,5'-tetraiodothyro- 
acetic  acid  followed  closely,  being  24  and  10  times  more  active  respectively 
than  thyroxine. 

In  general  our  figures  for  potency  agree  quite  well  when  comparisons  can 
be  made  with  data  in  the  literature  (2,  3,  7).  Like  others  (2,  7),  we  find 
marked  discrepancies  between  our  values  for  some  compounds  and  those 
previously  reported  (8).  It  is,  however,  quite  po.ssible  that  this  difference 
is  due  to  some  of  the  limiting  factors  discu.s.sed  above.  Only  additional  ob¬ 
servations  will  permit  a  complete  answer  to  these  discrepancies. 

A  cknouiedg  merits 

Miss  .Hipp  Glattstein  and  Miss  Diane  Feldman  eontrihuted  valuable  helj)  in  raising 
the  tadpoles  used  in  the  study. 
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STUDIES  ON  THE  LO(T  OF  ACTION  OF  CX)RTICAL 
HORMONES  IN  INHIBITING  THE  RELEASE 
OF  ADR  ENT  )(X)RT  I  C^OTROP H I N' 
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ABSTRACT 

Coinponsatory  adivnal  hyjM'rtrojjhy  is  reduced  in  l  ats  with  diaix'tes  insipidus 
as  a  result  of  hypothalainie  lesions,  .\drenal  atrophy  can  Im*  produet'd  by  injec¬ 
tion  of  exogenous  hydrocortisone  into  rats  with  diab(‘t(“s  i!»sii)iilus.  Rats  with 
mild  diabetes  insipidus  require  less  steroid  to  produce  this  effect  than  do  normal 
rats,  whereas  rats  with  severe  diabetes  insipidus  require  more  steroid  than  do 
normal  rats.  It  is  concluded  that  variations  in  cortical  hormone  concentration 
in  the  blood  can  still  alter  the  release  of  .\('TH  in  rats  with  diabetes  insipidus 
though  these  rats  may  be  less  sensitive  to  such  alterations  than  normal  rats. 
.\dministration  of  a  large  dose  of  hydrocortisone  acetati'  to  rats  diminished  the 
antidiuretic  response  to  a  standard  mild  electric  shock  stimulus  and  decreasc'd 
the  antidiuretic  hormone  titer  in  jugular  venous  plasma  from  stressed  rats.  It 
was  concluded  that  adrenal  steroids  block  the  release  of  .\C'TH  from  the  j)itui- 
tary  by  1)  a  direct  action  on  the  i)ituitary  gland,  and  2)  by  decreasing  the  n“- 
lea.se  of  antidiuretic  hormone,  the  j)resumed  neuro-humor  stimulating  .VC'd'H 
release. 

The  cla.s.sical  .studie.s  of  Ingle  (1),  Sayers  and  Sayers  (2)  and  other.s 
(3,  4)  have  conclusively  demonstrated  that  there  is  an  inverse  rela¬ 
tionship  between  the  concentration  of  cortical  hormones  in  blood  and  the 
relea.se  of  adrenocorticotrophin  (ACTH).  Thus,  a  markedly  increased  se¬ 
cretion  of  ACTH  occurs  in  adrenalectomized  animals,  whereas  a  suppres- 
.sion  of  ACTH  relea.se  follows  administration  of  cortical  hormones.  Rela¬ 
tively  little  work  has  been  reported,  however,  attempting  to  localize  the 
site  of  this  inhibitory  action  by  cortical  steroids.  Earlier  workers  suppo.sed 
that  cortical  hormones  block  the  release  of  ACTH  by  an  action  on  the 
adenohypophysis,  itself.  More  recent  work  has  focused  attention  on  the 
role  of  the  hypothalamus  in  the  regulation  of  ACTH  relea.se  (o)  and,  conse¬ 
quently,  rai.sed  the  possibility  that  the  inhibitory  action  may  be  on  central 
nervous  structures. 

In  the  present  experiments  two  attempts  have  been  made  to  localize  the 
site  of  this  inhibitory  action  of  cortical  steroids.  In  the  first  .series  of  experi¬ 
ments  rats  with  hypothalamic  le.sions  designed  to  denervate  the  pituitary 
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were  employed,  and  the  effect  on  ACTH  release  of  lowering  or  elevating 
the  cortical  hormone  titer  of  the  blood  was  evaluated.  A  report  of  part  of 
this  work  has  already  appeared  (6).  The  .second  series  of  experiments  was 
an  attempt  to  study  the  effect  of  an  exce.ss  of  cortical  hormones  on  the  re¬ 
lease  of  the  hypothalamic  neurohumor  regulating  .\CTII  secretion.  Con¬ 
siderable  evidence  indicates  that  this  neurohormone  may  be  vasopressin 
fantidiuretic  hormone  (ADH))  (for  review  of  the  literature  .see  (7,  8)).  If 
this  hypothesis  is  correct,  evidence  concerning  the  effect  of  cortical  hor¬ 
mones  on  ADH  release  would  be  important  in  a.ssigning  a  central  nervous 
sy.stem  site  to  the  inhibitory  action  of  cortical  hormones.  The  results  appear 
to  indicate  that  cortical  hormoties  suppress  the  relea.se  of  ACTH  both  by 
.suppression  of  the  pituitary  and  by  inhibition  of  the  relea.se  of  ADH. 

METHODS 

Male,  Wistar  rats  weighing  between  270  and  330  g.  were  used  in  all  experiments.  In 
the  first  series  (tf  experiments,  rats  with  chronic  hypothalamic  lesions  in  the  median 
eminence  of  the  tuber  cinereum  were  utilized  (7,  9).  Lesions  were  made  with  the  Krieg 
stereotaxic  instrument  using  coordinates  which  interrupt  the  supraoptico-hypophysial 
tract  in  the  median  eminenee  or  just  rostral  to  this  structure,  as  determined  by  study 
of  serial  sections  of  a  large  series  of  brains.  Although  only  a  few  of  the  brains  from  the 
present  experiments  were  studied  microscopically,  in  all  cases  an  estimate  of  the  degree 
of  interrui)tion  of  this  tract  was  made  by  observation  of  increase  in  water  intake  of  the 
animals.  Experiments  were  begun  3-12  weeks  after  placement  of  lesions. 

The  basis  for  assessing  alterations  in  ACTH  output  was  the  change  in  adrenal  weight 
produced  by  the  procedure  in  question.  Using  ether  anesthesia,  the  left  adrenal  was 
removed  first  from  each  rat  and  weighed  to  the  nearest  0.1  mg.  on  a  torsion  balance. 
Following  this  unilateral  adrenalectomy  several  groups  of  rats  were  injected  intra¬ 
muscularly  once  a  day  with  hydrocortisone  free  alcohol,®  while  others  received  no  corti- 
coid  therapy.  Two  weeks  after  removal  of  the  first  gland  the  right  adrenal  was  also 
removed  for  weighing.  Becau.se  of  variation  in  the  initial  adrenal  weight,  all  results  are 
expressed  as  the  |)ercentage  change  in  weight  of  the  right  adrenal  compared  to  the 
weight  (»f  the  left. 

In  the  second  series  of  experiments,  the  antidiuretic  response  to  emotional  stress  was 
compared  in  control  and  hydrocortisone-treated  rats.  The  order  of  procedure  was  as 
follows: 

1)  -Approximately  four  hours  prior  to  exposure  to  stress,  the  hydrocortisone-treated 
group  of  rats  was  injected  with  H  mg.  100  g.  of  body  weight  of  hydrocortisone  acetate, 
intraperitoneally  (I.P.).  This  dose  completely  blocks  the  .ACTH  release  in  response  to 
severe,  acute  stress  (10,  7). 

2)  Three  to  three  and  one-half  hours  after  hydrocortisone  injection,  both  the  hydro¬ 
cortisone-treated  and  the  control  rats  were  water-loaded  by  stomach  tube  with  5%  of 
their  body  weight  of  0.2%  sodium  chloride  solution. 

3)  A  second  gavage  was  administered  60  minutes  after  the  first  in  the  case  of  the 
control  rats.  Because  of  their  increased  urine  output,  this  second  gavage  was  given  40 
minutes  after  the  first  in  the  hydrocortisone-treated  rats. 

4)  Urine  was  collected  at  20  minute  intervals,  after  prodding  the  animals  to  insure 
voiding.  The  stress  was  applied  as  soon  after  the  2nd  gavage  as  the  rat  exhibited  a 

*  We  are  indebted  to  Dr.  .A.  .Alpert,  Merck-Sharp  and  Dohme,  West  Point,  Pa.  for 
generous  supplies  of  hydrocortisone  free  alcohol. 
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diuresis  of  at  least  3  ml.  20  minute  period,  providing  the  water  load  was  greater  than 
6%  of  the  body  weight. 

5)  The  stress  eonsisted  of  placing  the  rat  on  an  electrified  grid  for  2  minutes  im¬ 
mediately  following  the  preceding  urine  collection.  The  grid  was  connected  to  the  house 
.\C  current  by  means  of  a  resistor,  and  the  shock  delivered  was  sufficient  to  cause  con- 
tiiderable  squeaking  and  jumping  of  the  e.xperimental  animals. 

In  these  experiments  the  water  load  of  both  control  and  hydrocortisone-treated  rats 
was  comparable.  Since  under  these  conditions,  the  steroid-treated  rats  had  higher 
l)re-shock  urine  flows  than  the  controls,  one  series  of  experiments  was  performed  in 
which  rats  treated  with  cortical  hormone  were  given  a  smaller  water  load  to  make  the 
control  rate  of  urine  excretion  comparable  to  that  of  the  normal  rats. 

Most  rats  were  subjected  to  shock  on  2  separate  occasions;  a  few  were  shocked  4 
times.  The  effect  of  shock  on  urine  outi)ut  was  not  altered  by  re])eated  tests.  Half  the 
animals  were  shocked  first  after  steroid  treatment,  while  the  order  of  testing  was  re¬ 
versed  in  the  others.  Shock  was  not  repeated  for  at  least  a  week  aft»‘r  hydrocortisone 
injection,  and  no  rat  was  subjected  to  exi)eriment  oftener  than  once  every  three  days. 

Lastly,  in  a  final  series  of  experiments  the  antidiuretic  potency  of  plasma  from  normal 
and  hydrocortisone-treated  rats  (S  mg.  hydrocorti.sone  acetate  100  g.  body  weight, 
I.P.,  4  hours  before  testing)  was  assayed  in  water-loaded  rats  and  compared  to  the 
activity  of  a  Pitressin  standard.  In  these  experiments,  plasma  was  obtained  from 
etherized  male  rats  by  drawing  H-9  ml.  of  external  jugular  vein  blood  over  a  period  of 
2-4  minutes  into  a  syringe  containing  0.2  ml.  of  heparin.  The  blood  was  centrifuged 
in  plastic  tubes  for  20-30  minutes,  and  the  plasma  injected  I.P.  into  the  assay  rat  at  dose 
levels  of  1  or  2  ml.  100  g.  body  weight.  The  assay  rats  w(‘re  water-loaded  as  described 
above  except  that  no  assay  was  perfoimed  unless  the  rat  was  excreting  at  least  1.2 
ml.  100  g.  body  weight  of  urine  20  minute  i)eriod,  and  the  water  load  was  greater  than 
0%  of  the  body  weight.  In  some  e.xp(‘riments  a  third  gavage  was  administered  before 
these  requirements  were  nu't.  .Ml  rats  were  accustomed  to  the  gavage  before  use  in 
assay  of  plasma  or  Pitressin  and  were  u.sed  not  oftener  than  once  every  three  days. 

RESULTS 

1.  Alteration  in  the  concentration  of  cortical  hormones  in  the  blood  of  rats 
u'ith  hypothalamic  lesions. 

1)  The  effect  of  a  reduction  in  cortical  hormone  concentration  in  the 
hlood. 

Unilateral  adrenalectomy  was  performed  to  produce  a  reduction  iii  the 
concentration  of  circulating;  adrenal  cortical  hormones,  and  the  effect  on 
.VUTH  relea.se  was  mea.sured  hy  the  percentage  increa.se  in  the  weight  of 
the  oppo.site  (right)  adrenal.  Since  no  increa.se  in  weight  occurs  in  unilat¬ 
erally  adrenalectomized,  hypophy.sectomized  rats,  it  is  reasonable  to  as¬ 
cribe  any  increa.se  in  weight  of  the  oppo.site  gland  to  an  increase  in  ACTH 
relea.se  (11,  12).  Twelve  normal  rats  subjected  to  unilateral  adrenalectomy 
responded  with  an  increase  of  51  ±8%  in  right  adrenal  weight,  when  this 
gland  was  removed  2  weeks  after  the  fir.st.  Fifty  nine  rats  with  hypotha¬ 
lamic  lesions  in  the  median  eminence  of  the  tuber  cinereum  showed  a 
marked  impairement  in  the  respon.se  to  unilateral  adrenalectomy.  When 
the  percentage  change  in  adrenal  weight  is  compared  with  the  water  intake 
of  the  animals  as  an  index  of  the  .severity  of  their  diabetes  insipidus  (Fig. 
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1),  a  noticealile  reduction  in  response  is  evident  even  wlien  only  a  sliglit 
increase  in  water  intake  from  the  normal  of  3o  ml.  day  is  present,  the 
maximum  effect  being  present  when  the  water  intake  has  increased  to  80- 
100  ml.  day.  Increa.se  in  the  sev^erity  of  the  diabetes  insipidus  to  values  up 
to  430  ml.  water  intake,  day  was  not  a.s.sociated  with  any  further  decline  in 
the  response.  The  mean  respon.se  of  the  30  rats  with  water  intakes  greater 
than  100  ml.  day  was  14  +3%,  a  value  significantly  less  than  the  response 
of  normal  rats  (P  <.001).  When  both  adrenals  are  removed  .simultaneously 
in  rats  with  hypothalamic  lesions,  the  right  adrenal  is  1 1  ±2%  smaller  than 
the  left;  thus,  the  response  of  14%  in  rats  with  le.sions  repre.sents  an  actual 


5?  60 
o 

3- 

O 

3  40 
o 

• 

5  20 

o 

o. 


50  iOO  200  300  400 

Water  Intoke  (ml./ day) 


Fiu.  I.  Suppression  of  eoinpeiisatory  iidreniil  hypertroi)hy  in  rats  with  diabetes 
insipidus.  Kaeh  point  re])n‘s(*nts  the  mean  response  of  4  or  more  rats  for  each  increnu'iit 
of  10  nd.  or  a  multiple  thereof  of  water  consumption  per  day.  The  solid  straight  liru'  is 
the  resvdt  found  in  rats  with  lesions  where  both  adrenals  were  removed  simultaneously 


increase  in  weight  of  the  right  adrenal  of  25%.  This  response  is  40%  as 
great  as  that  exhibited  by  normal  animals. 

This  failure  of  hypertrophy  is  similar  to  the  reduction  in  resting  adrenal 
weight,  ascorbic  acid  depletion  from  stress,  and  blood  ACTH  concentra¬ 
tion  which  has  been  reported  previously  in  rats  with  diabetes  insipidus 
(13,  14).  All  of  these  effects  are  obtained  in  rats  with  normal  te.sticular 
weights  implying  a  specific  effect  of  the.se  lesions  on  ACTH  release.  Only 
10%  of  the  rats  of  the  pre.sent  .series  had  significant  te.sticular  atrophy. 

Occasiotial  rats  appeared  to  show  a  complete  failure  of  this  hypertrophy; 
however,  .since  one  of  12  control  animals  also  showed  !U)  compensatory 
hyiHMtrophy,  it  is  impossible  to  state  that  such  animals,  in  fact,  had  any 
greater  deficit  in  response  than  that  portrayed  by  the  mean.  On  plotting 
the  percentage  change  i»i  adrenal  weight  against  the  initial  left  adrenal 
weight,  there  was  a  .suggestion  that  animals  with  an  extremely  small  left 
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adrenal  (  <10  mg.)  were  unable  to  respond  with  any  increase  in  adrenal 
weight.  However,  because  of  the  small  number  of  rats  in  this  group  (oidy 
3),  it  is  impossible  to  state  that  this  would  have  always  been  the  case. 
Thus,  it  is  concluded  that  the  release  of  ACTH  following  unilateral  adre- 
nalectomyis  reduced  but  not  completely  prevented  by  hypothalamic  lesions. 
On  the  basis  of  previous  experience  these  same  lesions  would  have  been  ex¬ 
pected  to  completely  block  the  response  to  severe,  acute  stress  (13). 

As  an  incidental  finding  it  was  noted  that  rats  which  had  lost  greater 
than  10%  of  their  body  weight,  either  in  the  period  after  placement  of 
hypothalamic  lesions  and  prior  to  unilateral  adrenalectomy,  or  after  uni¬ 
lateral  adrenalectomy,  gave  a  much  more  pronounced  response  to  uni¬ 
lateral  adrenalectomy.  The  weight  loss  appeared  to  be  due  to  illness  or 
simply  to  anorexia.  Consequently,  the  result.<sighte^bove  do  not  include 
animals  of  this  type.  The  mean  response  of  the  7  rats  which  lost  greater 
than  10%  of  their  body  weight  was  70  ±13%.  This  significantly  greater 
gain  in  adrenal  weight  indicates  that  even  rats  with  hypothalamic  lesions 
can  respond  to  chronic  stress  with  an  increased  ACTH  secretion. 

The  adrenal  hypertrophy  found  in  rats  with  very  severe  diabetes  in¬ 
sipidus  has  previously  been  explained  as  being  due  to  an  increased  ACTH 
release  in  response  to  the  chronic  stre.ss  of  high  water  turnover  (13,  14). 
\  further  study  of  the  cause  of  this  adrenal  enlargement  in  rats  with  very 
severe  diabetes  insipidus  has  been  made.  Ten  rats  with  severe  diabetes 
insipidus  (water  intake  =  300-340  ml. /day)  were  treated  for  2  weeks  with  a 
dose  of  Pitressin  in  oil  (0. 1-1.0  u.,  subcutaneously  per  day)  sufficient  to 
control  the  diabetes.  After  this  treatment,  the  mean  left  adrenal  weight  of 
these  rats  was  18.4  ±1.1  mg.  The  left  adrenal  weight  of  37  untreated  rats 
with  diabetes  insipidus  of  equal  severity  was  22.9  ±0.9,  a  value  which  was 
significantly  greater  (P<.02)  than  that  found  in  the  rats  where  diabetes 
iTisipidus  had  been  eliminated.  Unilateral  adrenalectomy  with  subsequent 
control  of  .diabetes  with  Pitressin  in  oil  was  carried  out  in  another  group  of 
.■)  rats  with  diabetes  insipidus  (water  intake  =  200-000  ml. /day)  to  see  if 
elimination  of  the  diabetes  would  alter  the  response  to  unilateral  adre¬ 
nalectomy.  Whereas  rats  with  uncontrolled  diabetes  insipidus'  gave  an  i?i- 
crease  in  right  adrenal  weight  of  14  ±3%  in  respo?ise  to  unilateral  adrerial- 
cctomy,  Pitressin-treated  rats  showed  a  decrease  in  right  adrenal  weight 
of  8  ±  1%  as  the  response  to  the  same  procedure.  Thus,  the  response  to  uni¬ 
lateral  adrenalectomy  is  significantly  less  (P<.001)  after  control  of  the 
diabetes  with  Pitressin.  The  smaller  adrenals  found  after  control  of  <lia- 
betes  and  the  diminished  response  to  unilateral  ailrenalectomy  of  Pitressin- 
treated  rats  are  interpreted  to  mean  that  the  ACTH  secretion  of  the  rat 
with  diabetes  is  reduced  by  elimifiation  of  the  high  water  turnover.  There¬ 
fore,  it  .seems  reasonable  to  attribute  the  adre?ial  hypertrophy  found  in 
rats  with  severe,  uncontrolled  diabetes  insipidus  to  the  stress  of  high  water 
turnover,  which  produces  an  increased  .secretion  of  ACTH  even  in  the 
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presence  of  an  effective  liypothalamic  lesion.  It  is  apparent  from  these 
(lata  that  not  only  is  there  a  residual  response  to  a  decrease  in  the  con¬ 
centration  of  cortical  hormones  in  rats  with  hypothalamic  lesions,  hut 
also  that  these  rats  can  show  responses  to  chronic  stress  stimuli,  such  as 
infection,  inanition,  and  the  high  water  turnover  of  diabetes  insipidus. 

2)  The  effect  of  an  increase  in  cortical  hormone  concentration  of  the 
blood. 

In  these  experiments  elevations  in  the  blood  level  of  cortical  hormone 
were  produced  by  daily  intramuscular  injections  of  hydrocortisone  free 


Lotf  dose  hyd  rocartisone  (mg./  doy) 

Fkj.  2.  The  effect  of  liydrocortisoiie  inj(‘ctions  on  adreinil  weight  of  normal  rats  and 
those  with  hypothalamic  lesions.  'I'lie  vertical  lines  represent  the  standard  error. 

alcohol.  This  is  one  of  the  steroids  produced  by  the  rat  adrenal  cortex, 
though  the  main  component  of  the  .secretion  appears  to  l)e  corticosterone 
do).  Presumably,  administration  of  cortical  hormone  should  obviate  the 
need  for  increa.sed  ACTH  secretion  in  the  unilaterally  adrenalectomized 
rat  and  result  in  a  decrease  in  compensatory  hypertrophy  or  even  in  com¬ 
pensatory  atrophy  of  the  gland  as  the  dose  of  steroid  is  increased. 

The  re.sults  of  investigation  of  3  different  dosages  of  hydrocortisone  in 
unilaterally  adrenalectomized  normal  rats  and  those  with  lesions  are  de¬ 
picted  in  Figure  2.  Only  rats  with  lesions  which  were  drinking  more  than 
100  ml.  of  water  (lav  were  used  since  the.se  animals  have  a  uniformly  de- 
pres.sed  response  to  unilateral  adrenalectomy  per  .se.  It  can  be  .seen  that 
following  .steroid  treatment  the  mean  re.sponse  of  both  normal  rats  and 
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thoi^e  with  lesions  was  indistinguishable,  and  that  in  both  eases  the  results 
lay  on  the  same  log  dose  response  eurve  (Fig.  2).  A  dose  of  1  mg. /day  ap¬ 
peared  to  be  just  sufficient  to  block  compensatory  hypertrophy  completely, 
whereas  4  mg.,  day  produced  near  maximal  adrenal  atrophy. 

When  the  percentage  change  in  right  adrenal  weight  of  the  rats  with 
hypothalamic  lesions  is  plotted  versus  their  water  intake  (Fig.  3),  it  is  ap¬ 
parent  that  the  dose  of  1  mg./day  induced  adrenal  atrophy  only  in  animals 
with  mild  diabetes  insipidus;  2  mg./day  induced  a  reduction  in  adrenal 
weight  in  all  rats  except  tho.se  with  the  most  severe  diabetes  insipidus; 
whereas  4  mg.  day  produced  adrenal  atrophy  in  all  rats  regardless  of  the 
severity  of  the  diabetes  insipidus. 


F'ig.  3.  The  effect  of  hydrocortisone  on  adrenal  weight  of  rats  with  lesions  and  varying 
severity  of  diabetes  insipidus.  Dose:  0.1  mg./day,  0.2  mg. /da}’,  X4  mg./day. 

The  re.sults,  therefore,  clearly  show  that  rats  with  hypothalamic  lesions 
respond  to  elevation  of  cortical  hormone  level  with  a  reduction  in  adrenal 
weight  indicative  of  a  .suppres.sion  of  ACTH  .secretion.  Whereas  rats  with 
mild  diabetes  in.sipidus  appear  to  require  le.ss  hormone  to  accomplish  this 
effect  than  normal  rats,  those  with  severe  diabetes  insipidus  recpiire  more 
than  normal  rats. 

2.  The  effect  of  elevation  in  the  blood  cortical  hormone  concentration  on  the 
discharge  of  ADH 

1)  The  effect  of  hydrocortisone  on  the  antidiuresis  induced  by  emo¬ 
tional  stress. 

Before  considering  the  effects  of  stress  on  urine  flow,  it  is  important  to 
note  that  equivalent  water  loads  result  in  a  greater  diurseis  in  steroid- 
treated  rats  than  that  obtained  in  normals  (Fig.  4)  as  reported  earlier  by 
others  (16).  The  mean  pre-stress  water  excretion  in  the  hydrocortisone- 
treated  rats  was  6.9  ml./20  minutes  while  the  control  rats  excreted  4.4 
ml./  20  minutes.  Because  of  variation  in  pre-stress  urine  flows,  particularly 
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ill  tlio  st(M()i(l-treato(l  rats,  the  ilecrease  in  urine  flow  produced  by  stress 
was  also  (juite  variahh*.  To  reduce  tliis  variability  we  have  chosen  to  ex- 
jiress  the  results  as  percent af>:e  decreas(>  in  urine  flow  in  response  to  stress.-* 
The  efl'ects  of  the  stress  of  electric  shock  on  urine  flow  are  depicted  in 
Figure  4.  Table  1  sununarizes  the  results  expressed  in  terms  of  the  per¬ 
centage  decrease  in  urine  flow,  while  Table  2  presents  the  data  from  all 
rats  where  shock  was  administered  to  the  same  rat  both  with  and  without 
hydrocortisone  therapy.  It  can  be  seen  in  Table  1  that  the  rate  of  urine 
flow  remained  constant  during  the  experimental  period  if  no  shock  was 
given.  Both  normal  and  hydrocortisone-treated  rats  responded  to  the 


0  2  4  6  8  10  12  14 


Urin#  flow  (ml.  /  20  m  in.) 

Fifi.  4.  Th(‘  iuitidiun'tic  effect  of  stress  on  urine  flow  of  normal 
rats  and  rats  treatc'd  with  hydrocortisone. 

stress  of  electric  shock  with  a  reduction  in  urine  flow.  The  mean  percent¬ 
age  decrea.se  of  urine  flow  in  the  normals  was  62  ±5%,  while  the  decrease 
in  the  steroid-treated  rats  was  only  32+6%.  Thus,  the  antidiure.sis  in¬ 
duced  by  shock  was  only  half  as  great  in  the  steroid-treated  rats  as  in  the 
normals.  The  results  were  similar  in  the  nine  experiments  where  the  water 

’  This  is  justifiable  statistically  since:  1)  there  is  a  significant  correlation  between  the 
reduction  in  urine  output  and  the  pre-stress  urine  flow  (r  combined  =  0.547,  P<.01) 
(Fig.  5);  2)  the  regression  lines  obtained  on  plotting  decrease  in  urine  flow  (y)  versus 
prestress  urine  flow  (x)  pass  through  the  origin  (Fig.  5);  and  3)  the  standard  deviation 
of  y  increases  with  increasing  values  of  x  (17). 
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'I'abi.e  1 

.  HesFONSE  to  shock  AM)  VASOPRESSI.V 
AXD  HYDROCORTISOXE-TREATEI)  hats 

OF  XOltMAL 

%  ilccrcasc  in  urini 

*  out  put  (luring 

'I’real  iiienl 

2(1  iiunnics  post-treat ment 

Normal 

Hydrocortisone-treated 

No  Treatment 

-2  ±6*  (())“ 

-1±8  (7) 

.Shock 

()2  +  5  (20) 

32 +t)  (20) 

I’itressin,  2  me.,  I.P. 

57  ±8  (7) 

."it)  ±4  ((•>) 

‘  Ktaiuhird  error  of  mean. 
*  No.  of  rats  j)er  t'roii]). 


load  of  the  steroid-treated  rats  was  decreased  to  make  tlie  initial  urine 
flow  comparable  to  that  seen  in  normal  rats.  Furthermore,  the  respon.se  at 
all  levels  of  urine  flow  in  the  treated  rats  was  similar.  Thus,  the  results 
cannot  he  ascribed  to  the  greater  initial  urine  flow  exhibited  by  many  of 
the  .steroid-treated  rats  and  indicate  that  stres.s-induced  antidiuresis  is 
attenuated  by  steroid  treatment. 

The  attenuated  antidiuresis  of  the  hydrocorti.sone-treated  rat  could  not 
be  attributed  to  an  alteration  in  sensitivity  to  ADH  since  the  I.P.  injec¬ 
tion  of  2  mu.  of  Pitre.ssin  to  both  groups  of  rats  was  followed  by  identical 
percentage  decreases  in  urine  output  (Tal)le  1).  Similarly,  the.se  later  re¬ 
sults  make  it  unlikely  that  alterations  in  disposal  rate  of  ADH  contribute 
to  the  effect.  Since  the  reactiv  ity  to  the  shock  stimulus  itself,  as  evidenced 
by  squeaking  and  jumping,  was  not  altered,  it  was  concluded  that  the 
antidiuretic  response  to  shock  of  hydrocortisone-treated  rats  is  reduceil. 
This  reduction  could  be  due  either  to  alterations  in  renal  haemodynamics, 
or  to  a  reduction  in  the  relea.se  of  ADH  from  the  neurohypophysis. 

2)  The  effect  of  hydrocortisone  on  the  ADH  concentration  of  the  plasma 
of  stre.ssed  rats. 


T.\BLE  2.  CoMI'.\RI.S<>.\  OK  THE  EFFECT  OF  SHOCK  WITH  OK  WITH- 
OCT  HYDROCORTISO.NE  TRE.\TME.\T  I.V  THE  S.\.ME  RAT 


%  decrease  in  urine  How 

No  treatment 

Hydrocortisone 

,  DilTerj'iice 

88 

40 

48 

81 

(> 

75 

7t) 

08 

8 

28 

1 1 

17 

00 

40 

20 

80 

38 

51 

(‘>0 

8 

01 

00 

38 

2*2 

78 

10 

02 

73 

04 

0 

08 

40 

52 

20 

-10 

45 

34 

31 

3 

58 

13 

45 

Mean  =00 

20 

37  ±  O' 

'  StandanI  error  of  mean;  P<.001. 
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Table  3. — Axtidilretic  potency  of  plasma 


Volumr  03 


.Source 


Xo.  of 
Assay  Rats 


Vol.  of  Plasma  %  Decrease 
Injected  in  Urine  Flow 
(ml./ 100  R.)  (Mean±S.E.) 


Potencj’ 
(mu.  pitres- 
sin/100  ml.) 


1)  Jugular  plasma  from  stressed 
rats  with  diabetes  insipidus 

7 

2 

5  ±  6 

<  1 

2)  Jugular  plasma  from  stressed. 

20 

2 

64  ±4 

15±3 

normal  rats 

T 

43  ±6 

15±3 

3)  Jugular  plasma  from  stressed 

20 

2 

42  ±8 

7  ±2 

rats  treated  with  hydrocortisone 

4)  Plasma  from  rats  decapitated 
under  Nembutal 

14 

1 

2 

31  ±6 

20  ±  5 

3  ±  1 

The  ADH  titer  of  pla.sma  was  a.ssayed  in  water-loaded  rats.  The  results 
were  expressed  as  percentage  decrease  in  urine  flow  (18)  over  a  40  minute 
period  po.st-injection.  Control  I.P.  injections  of  ()..5  or  2  ml.  of  isotonic 
saline  produced  no  effect  on  the  urine  flow  of  the  a.s.say  rats.  The  results  of 
assay  of  plasma  are  presented  in  Tallies  3  and  4,  and  the  standard  curve 
for  Pitressin  in  Figure  5.  It  can  he  seen  that  under  our  particular  experi- 

TaBLE  4.  .\SSAY  OF  JUGULAR  VEIN  PLA.SMA  OF  NORMAL  AND  HYDRO¬ 
CORTISONE-TREATED  RATS  UNDER  STRESS 


1 1  ydrocort  isone-t  reat  ed 


Vol.  Injected/ 100  g.  rat 

Normal  donors 

donors 

1  ml. 

2  ml. 

1  ml. 

2  ml. 

Response  (Percentage  de¬ 

27 

30 

38 

71 

crease  in  urine  flow  for  40 

42 

60 

25 

56 

minutes  post  injection) 

52 

50 

11 

10 

15 

60 

16 

61 

48 

82 

14 

47 

67 

72 

58 

60 

38 

56 

52 

43 

53 

57 

46 

-13 

70 

67 

77 

58 

74 

24 

62 

15 

Mean 

43  ±6 

64  ±4 

31  ±6 

42  ±8 

Potency  in  mu.  of  pitres.sin/ 

100  ml.  15  ±3  7  ±2 


Log  Potency 


Treated  Plasma 
Control  Plasma 


Potency 


Treated  Plasma 
Control  Plasma 


=  -  .328  ±.116 


=  47±15%‘ 


05%  C'onfidence  limits  =27-81  % 
l)c=59.4;  Sc  =20;  Xc=  .37 


•  Calculated  by  method  of  Stein,  Jinks,  and  Mirsky  (1052),  the  respective  values  were: 

treated  plasma 


potency 


control  plasma 


=  53  ±13%, 


potency  of  control  plasma  in  mu.  Pitressin/100  =  14‘±  3;  potency  of  hydrocortisone  treated 
plasma  =7  ±2. 
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mental  conditions  plasma  from  rats  with  diabetes  insipidus^  contained  no 
detectable  ADH  (<1  mu.  Pitressin  100  ml.  pla.sma).  Consequently,  the 
antidiuresis  evoked  by  other  plasma  samples  can  be  attributed  to  the  con¬ 
tent  of  .\DH  in  the  samples.  Plasma  from  rats  decapitated  o  minutes  after 
initiation  of  Nembutal  anesthesia  (4  mg./lOO  g.,  l.P.)  contained  appreci¬ 
able,  though  barely  detectable  levels  of  ADII  (3  ±  1  mu.^  100  ml.).  This 
titer  appeared  to  be  too  low  to  use  in  evaluating  the  effects  of  hydrocorti¬ 
sone  treatment.  Ginsburg  and  Heller  (18)  have  reported  particularly  high 


Fig.  .5.  The  log-dose  response  curve  of  Pitressin  in  hydrated 
rats.  'I'lie  vertical  lines  rei)resent  the  .standard  error. 


titers  of  ADH  under  the  combined  stress  of  ether  anesthesia  and  exsan- 
guination  and  have  also  shown  that  the  concentration  of  ADH  is  higher  in 
external  jugular  blood  of  the  rat  than  in  arterial  blood.  Therefore,  we 
chose  to  test  the  effect  of  hydrocortisone  on  the  ADH, titer  of  external 
jugular  vein  plasma  taken  from  etherized,  exsanguinated  rats. 

The  results  of  assay  of  jugular  plasma  from  hydrocortisone-treated  and 
normal  rats  are  shown  in  Table  4.  Plasma  from  steroid-treated  rats  was 
47  ±15%  as  potent  as  normal  plasma  and  contained  7  ±2  mu.  100  ml. 
compared  to  15  ±3  mu.  100  ml.  Pitressin  equiv^alent.  Thus,  these  re.sults 
coupled  with  tho.se  obtained  in  shocked  rats  indicate  that  though  hydro¬ 
cortisone  fails  to  completely  block  the  release  of  ADH  from  the  neuro¬ 
hypophysis  in  respon.se  to  .stress,  it  does  produce  a  50%  reduction  in  this 
release. 

*  This  diabetes  insipidus  was  produced  by  lesions  in  the  supraoptico-hypophysial 
tract  the  preceding  day;  the  water  intake  was  greater  than  100  ml. /day. 
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DISCUSSION 

The  resuKs  obtained  in  llie  rats  witli  lesions  are  suniinarized  in  Figure  (i 
and  have  been  interpreted  as  follows:  rats  with  effeetive  hypothalainie 
lesions  have  a  reduced  sensitivity  to  alterations  in  the  eoneentration  of 
eireulating  eortieoids;  this  is  supported  by  the  findings  with  unilateral 
adrenalectomy',  where  a  o0%  reduction  in  concentration  of  cortical  hor¬ 
mones  resulted  in  only  a  small  response.  If  the  concentration  of  hormone 
is  elevated  sufficiently  above  the  basal  level,  suppression  of  ACTH  release 
with  a  consequent  adrenal  atrophy  is  the  response  even  in  rats  with  lesions. 


Compensatory  Adrenal 
Hypertrophy 


Norm  at 


60 


-  40 


20 


-20 


Oiobete  s  Insipidus 


-  40 


Hydrocortisone  Induced 
Adrenol  Atrophy 
Normol  Diabetes  Insipidus 


Fig.  ().  Summarization  of  the  effects  of  altered  cortical  hormone 
levels  on  adrenal  weight. 


Since  animals  with  mild  dialietes  insipidus  required  smaller  do.ses  of  corti- 
coids  to  produce  atrophy  than  normal  rats  or  those  with  severe  diabetes 
insipidus,  it  is  postulated  that  the  ba.sal  concentration  of  cortical  hor¬ 
mones  in  mildly  diabetic  rats  is  lower  than  that  found  in  the  other  two 
groups.  Accordingly',  a  smaller  dose  of  cortical  hormone  would  produce  a 
greater  increment  in  corticoid  titer  in  mildly’  diabetic  rats  than  in  either 
of  the  other  two  groups  and  shut  down  the  relea.se  of  ACTH.  This  inter¬ 
pretation  is  consistent  with  the  observed  adrenal  atrophy'  in  rats  with  mild 
diabetes  insipidus  (13),  which  also  suggests  a  decrea.sed  basal  output  of 
eortieoids.  Rats  with  .severe  diabetes  insipidus  required  larger  doses  of 
cortical  hormone  to  suppress  ACTH  secretion  than  rats  with  mild  diabetes 
or  normals,  presumably'  because  of  the  increa.sed  blood  corticoid  concentra¬ 
tion  present  in  the.se  animals  as  a  respon.se  to  the  stress  of  diabetes  in¬ 
sipidus.  Since  alterations  in  cortical  hormones  can  still  act  in  the  pre.sence 
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of  hypothalamic  lesions,  which  presumably  deuervate  the  pituitary,  the 
conclusion  is  almost  inescapable  that  these  hormones  must  act  on  a  site 
other  than  the  central  nervous  system  in  this  situation,  presumably  the 
anterior  lobe,  itself. 

Recently  Rose  and  Nelson  (19)  have  reported  effects  of  local  injections 
of  corticoids  into  the  pituitary  which  are  consistent  with  a  suppressive 
effect  of  target  gland  hormones  on  pituitary  ACTH  secretion.  Ganong  and 
Hume  (20,  21)  have  made  observations  on  dogs  with  hypothalamic  lesions 
which  are  in  substantial  agreement  with  those  reported  here  except  that 
they  found  no  response  to  unilateral  adrenalectomy  whatsoever,  whereas 
our  results  indicate  that  an  attenuated  response  persists  in  the  rat. 

Since  these  rats  with  hypothalamic  lesions  which  block  the  acute  release 
of  ACTH  in  response  to  stress  (13)  respond  to  chronic  stre.ss,  the  de- 
nervated  pituitary  is  pictured  as  producing  a  decreased  basal  secretion  of 
ACTH  resulting  in  adrenal  atrophy  and  a  subnormal  .secretion  of  adrenal 
steroids.  It  is  in.sensitive  to  acute  stress  stimuli  but  is  still  capable  of  re¬ 
sponding  .sluggishl}'  to  chronic  stress  or  alteration  in  cortical  hormone  titer. 
Whether  chronic  stress  acts  via  changes  in  corticoid  titer  produced  as  a 
result  of  stress-induced  alterations  in  utilization  rate  of  steroids  or  through 
some  unidentified  humoral  mechanism  is  an  enigma. 

The  residts  obtained  with  hydrocortisone  over  dosage  indicate  that  a 
rise  in  cortical  hormone  titer  of  the  blood  can  partially  inhibit  the  release 
of  ADH  by  the  supraoptico-hypophysial  system.  Whether  this  action  is 
exerted  directly  on  cells  of  the  supraoptic  nucleus  or  at  some  other  site 
which  in  turn  affects  the  excitation  of  these  cells  cannot  be  stated  from  the 
present  results.  Earlier  results  indicating  that  diabetes  insipidus-like  condi¬ 
tions  can  be  produced  by  cortical  hormones  (16)  and  that  chronic  admin¬ 
istration  of  hydrocortisone  produces  an  abnormal  ri.se  in  posterior  lobe 
ADH  content  in  response  to  stress  (22)  are  consistent  with  a  suppressive 
action  of  elevated  corticoid  levels  on  ADH  release.  Likewise,  the  delay  in 
water  diuresis  and  elevated  ADH  titer  reported  by  some  workers  in  adre- 
nalectomized  rats  (23,  24)  would  fit  with  a  concept  of  an  inverse  relation 
between  ADH  secretion  on  the  one  hand  and  cortical  hormone  titer  on 
the  other.  Thus,  if  ADH  is  the  neurohumor  stimulating  the  release  of 
ACTH,  the  .suppressive  action  of  cortical  hormones  on  ADH  release  could 
explain,  in  part  at  least,  their  effect  in  inhibiting  ACTH  release.  Our  inter¬ 
pretation  would  be  that  cortical  hormones  suppress  ACTH  release  by  a 
dual  action,  suppressing  both  the  relea.se  of  the  hypothalamic  neurohumor 
and  the  excitability  of  the  adenohypophysis,  itself. 
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PATHOLOGIC  CHANGES  IN  SENSITIZED  RATS 
TREATED  WITH  METHYLANDROSTENEDIOL 
AND  WITH  GROWTH  HORMONE^ 
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The  Ben  May  Laboratory  for  Caneer  Researeh,  I'niversity  of  Chicago, 

Chicago,  Illinois 

ABSTRAC'r 

'I’he  cliroiiic  Hdiniiiistration  of  largo  doses  of  metliylaiulrostonediol  (MAD) 
to  the  sensitized  rat  (unilateral  nephrectomy  and  a  4%  sodium  chloride  diet) 
causes  hypertension,  renal  and  cardiovascular  pathology.  In  the  present  study 
M  AI)  was  administered  to  non-adrenalectomized,  sensitized  ratsand  toadrenal- 
ectomized-sensitized  rats  treated  with  adrenal  cortex  extract  (ACE).  The 
control  groups  did  not  receive  M.M).  Experiments  1  and  2  involved  rats  eating 
ad  libitum.  The  dose  of  M.O)  was  10  mg.  i)er  rat  per  day  for  56  days;  the 
adrenalectomized  rats  were  each  given  2  cc.  of  .\CE  per  day.  The  rats  given 
M.VI)  (leveloped  hypertension  and  renal  and  cardiovascular  pathology  in  both 
the  ])resence  and  absence  of  the  adrenal  glands.  In  Exp(‘riment  3,  force-fed 
rats  were  given  20  mg.  of  M.\I)  per  rat  per  day;  the  adrenalectomiz('d  rats  w(‘re 
each  given  1  cc.  of  AC'E  ])er  day.  The  duration  of  the  experiment  was  42  days. 
Hypertension  and  renal  and  cardiovascular  changes  were  more  severe  in  the 
non-adrenalectomized  rats.  It  is  concluded  that  the  damaging  (‘fleets  of  large 
doses  of  M.VI)  can  occur  in  the  absence  of  the  adrenal  glands  but  that  the 
luesence  of  adrenal  cortical  hormones  is  recpiired. 

In  Exi)eriment  4,  a  highly  active  i)reparation  of  growth  hormone  was  given 
to  sensitized  rats  eating  ad  libitinn.  There  was  an  increase  in  body  weight,  food 
intake  and  all  of  the  rats  given  GH  developed  a  polydipsia,  but  the  elevation  in 
blood  pressure  and  renal  and  cardiovascular  changes  were  minimal. 

IT  WAS  discovered  hy  Skelton  (1)  tliat  the  chronic  admini.stration  of 
large  doses  of  methylandrostenediol  (MAD)  to  the  sensitized  (uni¬ 
lateral  nephrectomy  and  a  high  sodium  chloride  intake)  rat  causes  liyper- 
tension,  renal,  and  myocardial  pathology.  Subsequently  Salgado  and 
Selye  (2)  reported  that  whereas  MAD  cau.ses  a  syndrome  of  liyalinosis, 
with  hypertension  and  polyuria  in  the  .sensitized  rat  having  intact  adrenals, 
it  does  not  do  so  in  the  adrenalectomized-sensitized  rat. 

The  data  of  the  present  study  show  that  MAD  can  cau.se  hypertension 
with  renal  and  myocardial  pathology  in  the  adrenalectomized-.sen.sitized 
rat  treated  with  “normalizing”  doses  of  adrenal  cortex  extract. 

An  additional  experiment  involved  the  administration  of  growth-hor¬ 
mone  to  the  sensitized  rat.  The  damage  was  minimal. 

Received  Xcjvember  21,  1957. 
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METHODS 

Male  rats  of  the  Spragiio-Dawlpy  strain  won'  niaintaincfl  on  Archer  Dog  Pellets 
until  they  reached  a  weight  of  approximately  300  grams.  They  were  then  adai)ted  to 
either  the  ad  libitum  eating  of  a  dry  high  sodium  chloride  diet  (Table  1)  or  to  the  tube 
feeding  of  the  same  diet  made  fluid  by  the  addition  of  water.  When  the  dry  diet  was  used 
it  was  tightly  packed  into  individual  Franke  feeding  jars  which  were  weighed  every  24 
hours.  (4ther  animals  were  adapted  to  the  tube-feeding  of  13  ee.  of  fluid  diet  each  morn¬ 
ing  and  late  afternoon. 

Either  a  unilateral  nei)hreetomy  only,  or  unilateral  nephrectomy  plus  bilateral 
adrenalectomy  was  done  in  a  single  stage  operation.  Clean  but  not  sterile  technique 
was  us('d.  Immediately  following  operation  each  rat  was  given  oO(K)  units  of  penicillin 
and  5  mg.  of  stn'idomyein.  This  was  not  continued. 

Methylandrostem'diol  (Ciba,  Protandren)  was  given  as  an  aqueous  suspension  of 
mieroc'iystals  by  subcutaneous  injection  twice*  daily.  Bee'f  adrenal  cortex  extract  (I  p- 

TaBLE  1.  lliou  SAI.T  MEDIl'M  CARBOHYDRATE  DIET 


Constituent 

drams 

Cellu  flour 

()0 

Salt  mixture  C.S.P.  XIV 

40 

Dried  yeast  (Pabst) 

100 

Wheat  germ  oil 

10 

Cod  liver  oil 

10 

•Mazola  oil  plus  100  mg.  K 

10 

•Mazola  oil 

100 

Casein 

100 

Starch 

300 

Dextrin 

1.50 

Sucro.se 

140 

Sodium  chloride 

50 

To  make  fluid  diet  add  water 

1040 

john)  was  given  in  aqueous  solution  (ethanol-free)  by  subcutaneous  injection  twice 
daily.  (Irowth  hormone  (GH)  ])repared  by  the  .Vrmour  Laboratories  (Somar-.\)  was 
supj)lied  by  the  Endocrinology  Study  Section  of  the  National  Institutes  of  Health.  It 
was  rnadi*  uj)  in  aqueous  solution  and  administered  by  subcutaneous  injection  twice 
daily. 

For  the  deti'i  mination  of  blood-jiressure  the  rats  were  anesthetized  with  ether  and 
the  abdominal  aorta  was  eannulated  below  the  level  of  the  renal  arteries.  The  cannula 
was  attached  by  a  short  length  of  fine-bore  rubber  tube  filled  with  heparinized  saline 
to  a  mercury  manometer.  The  record  was  taken  when  anesthesia  was  light  as  judged  Iiy 
retraction  of  the  rat’s  hind  foot  on  pinching. 

.\11  rats  were  killeil  by  exsanguination  under  ether  anesthesia  at  the  end  of  either  K 
weeks  or  at  (>  weeks  in  one  exjjeriment.  .\utops\-  was  performed  and  gross  jiathologie 
changes  noted.  The  lu'art,  kidney  anil  portions  of  liver,  spleen,  pancreas,  lung,  .stomach 
and  intestine  were  fi.xed  in  10%  neutral  formalin.  Hematoxylin  and  I'osin  was  the 
routine  stain  and  selected  examples  of  heart  and  kidney  were  examined  by  tin*  periodic 
aeid-SehifT  routine,  and  Weigert’s  resorein-fuehsin  stain  for  elastic  tissue.  Blocks  of 
kidney  were  embedded  in  gelatin  and  frozen  seetions  were  examined  for  lipid  with  Oil 
Red  ()  (3)  and  for  cholesterol  by  the  Schultz  method  (4).  One  adrenal  gland  was  fixed 
in  10%  neutral  formalin  and  the  other  in  cold  acetone.  Paraffin  sections  were  stained 
with  hematoxylin  and  eosin  and  with  the  periodic  acid-Schiff  method.  Frozi'ii  sections 
of  gelatin  embedded  adrenals  were  examined  with  Oil  Red  O  for  lijiids  (3),  the  Schultz 
method  for  cholesterol  (4),  and  with  polarized  light  for  birefringent  crystals.  .Veetone 
processed  material  was  used  for  the  Gomori  alkaline  phosphatase  procedure  (3). 
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EXPERIMENTS  AND  RESULTS 

Experiment  1  (Table  2)  involved  non-adrenalectomized  sensitized  rats 
eating  ad  libitum;  7  rats  served  as  untreated  controls  and  7  rats  each  re¬ 
ceived  10  mg.  of  MAD  per  day  for  56  days. 

Experiment  2  (Table  2)  involved  30  sensitized  rats  eating  ad  libitum, 
divided  into  4  groups  as  follows:  7  rats  with  adrenals  intact  were  untreated; 

7  rats  with  adrenals  intact  each  received  10  mg.  of  MAD  per  day;  8 
adrenalectomized  rats  were  each  given  2  cc.  of  ACE  per  day  without  MAD; 
and  8  adrenalectomized  rats  were  each  given  2  cc.  of  ACE  and  10  mg.  of 
MAD  per  day.  The  duration  of  the  experiment  was  56  days. 

Experiment  3  (Table  2)  involved  16  force-fed  .sensitized  rats  divided  into 
4  groups  as  follows:  4  rats  with  adrenals  intact  were  untreated;  4  rats  with 
adrenals  intact  each  received  20  mg.  of  MAD  per  day;  4  adrenalectomized 
rats  were  each  given  1  cc.  of  ACE  per  day  without  MAD;  and  4  adrenal¬ 
ectomized  rats  were  each  given  1  cc.  of  ACE  with  20  mg.  of  MAD  per  flay. 
This  experiment  was  terminated  at  42  days  because  some  of  the  rats,  both 
with  and  without  adrenal  glands,  were  overtly  ill  due  to  MAD-toxicity. 

Experiment  4  (Table  3)  involved  14  non-adrenalectomized,  .sensitized 
rats  eating  ad  libitum;  7  rats  served  as  untreated  controls  and  7  rats  each 
received  2  mg.  of  GH  by  subcutaneous  injection  each  day  for  56  days. 

Fond  intake.  There  was  a  significant  .suppression  of  food  intake  in  all 
of  the  rats  giv’en  MAD.  The  rats  given  growth  hormone  ate  more  food 
than  their  controls  and  developed  a  polydipsia;  during  the  last  two  days 
of  the  experiment  the  water  intake  of  the  controls  averaged  55  cc.  per  24 
hours  per  rat  and  the  rats  treated  with  GH  averaged  97  cc.  per  24  hours 
per  rat. 

Body  weight.  The  rats  giv^en  the  large  doses  of  MAD  gained  less  weight 
than  the  controls.  This  was  not  due  .solely  to  suppression  of  appetite,  .since 
the  force-fed  rats  of  Experiment  3  showed  some  suppre.ssion  of  weight 
gains  among  the  rats  giv'en  MAD.  The  rats  given  GH  gained  much  more 
weight  than  did  the  controls. 

Other  gross  changes.  All  of  the  rats  giv'en  MAD  showed  inhibition  of  hair 
growth,  more  marked  in  the  rats  having  intact  adrenals  than  in  the  adrenal¬ 
ectomized  rats  treated  with  ACE.  All  of  the  rats  in  the  control  groups 
showed  apparently  normal  hair  growth.  Most  of  the  rats  given  MAD  de¬ 
veloped  edema  of  skin  and  subcutaneous  tissues.  This  was  commonly  pre.s- 
ent  when  the  rats  were  observetl  in  the  early  morning  and  would  then  dis¬ 
appear  during  the  day.  It  was  sometimes  so  marked  as  to  form  pendulous 
.sacs  of  fluid.  This  was  not  seen  in  any  of  the  control  animals.  The  ob.servers 
were  left  with  the  impre.ssion  that  large  do.ses  of  .MAD  have  an  extra¬ 
adrenal  effect  upon  .salt  and  water  metabolism.  Gonadal  atrophy  with 
hypertrophy  of  the  seminal  vesicles  and  prostate  was  .seen  in  all  rats  given 
MAD. 

Blood-pressure.  The  average  pressure  of  12  normal  rats  was  121  +2.9. 
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The  average  pressure  of  control  sensitized  rats  is  higher  tlian  normal. 
Treatment  of  the  adrenalectomized-sensitized  rat  with  2  cc.  of  .VCE  per 
rat  per  <lay  is  associated  with  a  higher  averag(*  pressure  than  is  found  in 
non-adrenalectomized  controls.  The  administration  of  MAI)  is  followed 
hy  a  significaTtt  rise  in  pressure  in  non-adrenalectomized  sensitized  rats 
and  in  adrenalectomized-sensitized  rats  treated  with  AC'E.  The  administra¬ 
tion  of  growth  hormone  was  associated  with  a  small  average  rise  in  pres¬ 
sure. 

Heart.  The  heart  was  relatively  enlarged  in  proportion  to  body  weight  in 
the  rats  given  MAD.  The  rats  given  20  mg.  of  MAI)  daily  showed  an  abso¬ 
lute  gain  in  heart  weight.  A  few  of  the  rats  given  AIAD  showed  white 
patches  at  either  the  apex  or  on  the  walls  of  the  heart.  No  gross  damage 
was  seen  in  any  heart  from  rats  given  growth  hormone. 

The  cardiac  changes  in  all  rats  were  evaluated  microscopically  (footnote, 
Table  2)  depe?iding  on  the  presence  of  cardiac  hypertrophy  (Grade  1), 
focal  inflammation  or  fibrosis  of  the  myocardium  (Grade  2)  and  the  associa- 
tion  of  these  changes  with  hypertensive  vascular  sclerosis  (Grade  3)  and 
hypertensive  arteriolonecrosis  (Grade  4).  The  average  ratings  of  damage 
for  the  control  rats,  both  the  intacf  and  adrenalectomized-ACE  treated 
gioups,  were  comparable  in  any  one  experiment  but  varied  slightly  be¬ 
tween  individual  experiments  (Table  2).  The  majority  of  these  hearts  were 
normal,  but  a  few  showed  granulomatous  nodules  composed  of  macro¬ 
phages,  myocytes,  and  fibroblasts.  It  is  of  interest  that  examples  of  this 
damage  occurred  in  sensitized  rats  without  hormonal  treatment. 

With  AIAD  administration  the  average  ratings  and  the  range  of  damage 
was  increased  in  both  the  intact  rats  and  in  the  adrenalectomized  rats 
treated  with  ACP]  (Table  2).  Some  hypertrophy  of  muscle  cells  occurred 
in  response  to  hypertension.  The  incidence  of  granulomatous  foci  in  the 
myocardium  was  increased  and  in  both  groups  the  PAS  stain  demonstrated 
“colloid  granules”  in  the  nodules  as  described  by  Salgado  and  Selye  (2). 
The  significance  of  this  finding  is  not  clear,  since  in  our  experiments  gran¬ 
ules  of  similar  staining  reaction  were  seen  in  some  control  rats  not  treated 
with  MAD.  Hypertensive  vascular  damage  involved  the  coronary  system 
of  both  the  intact  and  adrenalectomized  rats  treated  with  ACE  following 
MAD  administration  at  l)oth  dose  levels  used  in  experiments  2  and  3 
(Table  2).  Proliferative  arteriolosclerosis  was  present  in  intact  and  adrenal¬ 
ectomized  rats  treated  with  10  mg.  MAD  and  in  adrenalectomized  rats 
receiving  20  mg.  MAD  (Fig.  1).  With  the  higher  dose  of  MAD  in  intact 
rats  (Experiment  3)  the  arteriolar  walls  were  necrotic.  Both  types  of  vascu¬ 
lar  damage  were  associated  with  replacement  fibrosis  of  the  myocardium 
and  in  those  hearts  which  showed  arteriolonecrosis  actual  necrosis  of 
cardiac  muscle  cells  resulted  (Fig.  2). 

No  damage  was  seen  microscopically  in  any  heart  from  rats  treated 
with  GH  (Table  3). 
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Fig.  1.  Heart.  Adrenx.  rat,  M.VD  10  Fig.  2.  Heart.  Intact  rat,  M.Vl)  20  mu 
in|j;.  +.\CE  2  ee.  Intimal  tliiekeniiiK  of  a  Myocardial  fibrosis  and  arterial  liyiier- 
sinall  coronary  artery.  BP  192  inin.  Hk.  trophy.  BP  lo?  nun.  Hfi;.  H  and  E  X2’).S. 
Hematoxylin  and  eosin  X79,'). 

Kidney.  The  renal  change.s  in  all  rat.s  were  evaluated  as  indicated  in  the 
footnote  to  Table  2.  Microscopically  minimal  renal  damage  consisted  of 
focal  areas  of  periglomerular  fibrosis  with  some  tubular  casts  and  round 
cell  infiltration  (CJrade  1).  It  was  considered  that  this  was  probably  the  re- 
.sult  of  focal  chronic  inflammation  and  in  .some  cases  it  was  associated  with 
chronic  inflammation  of  the  renal  pelvis  (Grade  2).  Examples  of  the.se  types 
of  damage  were  .seen  in  control  animals  as  well  as  those  treated  with  MAI). 
Glomerular  tuft  lesions  (Grade  3)  associated  with  renal  va.scular  damage 
(Grades  4  and  5)  were  characteri.stic  of  MAD  treatment. 

MAD  caused  a  striking  increase  in  the  weight  of  the  kidney  in  both  in¬ 
tact  rats  and  in  adrenalectomized  rats  treated  with  ACE  as  compared  with 
their  re.spective  controls  (Table  2).  The.se  large  kidneys  had  an  unusual 
yellowish-green  pallor.  Frequently  the  surface  showed  numerous  tiny 
cy.stic  nodules  with  intervening  pits  and  a  few  grey  or  hemorrhagic  spots. 
The  degree  of  gro.s.s  renal  damage  corresponded  clo.sely  to  the  microscopic 
a.s.se.ssment  (Footnote  and  Table  2). 

The  average  ratings  and  range  of  renal  damage  were  identical  when  10 
mg.  of  MAD  was  administered  to  intact  rats  and  to  adrenalectomized 
rats  treated  with  ACE  (Experiment  2).  With  higher  and  lower  do.ses  of 
MAD  and  ACE  respectively  (Experiment  3)  the  average  rating  in  adrenal- 
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Fig.  3.  Kidney.  Intact  rat.  M.\D  10 
nig.  Lipid  (black)  is  jircsent  in  the  hyper¬ 
trophied  afferent  arteriole  (top),  in  the 
glomerulus  and  related  tubules.  BP  177 
mm.  H^.  Oil  R(m1  O  and  hematoxylin  X34,5. 


Fig.  4.  Kidney.  Intact  rat,  M.\D  10 
mg.  The  glomerulus  is  enlarged  and  ad¬ 
herent  to  the  thickened  capsule.  Many  of 
the  cells  show  a  “foamy”  appearance. 
Hypertensive  sclerosis  of  afferent  arteriole 
(top  left).  BP  187  mm.  Hg.  H  and  E  X475. 


ectomizecl  rat.s  was  reduced  as  compared  with  the  intact  rats  l)ut  the  range 
of  damage  within  the  groups  was  comparable  (Table  2).  All  rats  which  re¬ 
ceived  MAD  demonstrated  the  renotropic  effect  of  this  steroid  irrespective 
of  the  severity  of  the  hypertensive  damage  to  the  kidney.  Enlargement  of 
individual  glomeruli  varied.  The  largest  showed  an  unusual  appearance  of 
swelling  of  the  vi.sceral  epithelium  of  the  glomerular  tuft.  The  cytoplasm 
of  the.se  cells  had  a  “ground  glass”  appearance  and  in  some,  but  not  all, 
affected  glomeruli  intracellular  lipid  and  cholesterol  were  demonstrated 
(Fig.  3).  Similar  material  was  present  in  the  epithelium  of  the  related  corti¬ 
cal  tubules.  The  hypertensive  nephrosclerotic  effects  of  MAD  were  seen 
both  in  intact  rats  and  in  adrenalectomized  rats  treated  with  ACE.  Pro¬ 
liferative  arteriolosclerosis  and  arteriolonecrosis  of  the  afferent  arteriole 
were  associated  with  damage  to  the  glomerulus  which  varied  from  early 
hyalinization  to  advanced  glomerulonecrosis  (Figs.  4  and  5).  Rarely  the 
larger  renal  arteries  showed  lesions  bearing  some  of  the  characteristics  of 
polyarteritis  nodosa  (Fig.  6). 

The  kidneys  from  rats  treated  with  GH  were  not  enlarged  relative  to 
body  weight  (Table  3).  Compared  with  the  controls,  the  increase  in  gross 
renal  damage  was  slight  and  significant  lesions  were  minimal  microscopi¬ 
cally.  Duly  two  rats  showed  scant  focal  glomerular  damage  consisting  of 
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Fig.  5.  Kidney.  -\dren.\.  rat,  M.\l)  20  Fig.  6.  Kidney.  .Vdren.x.  rat,  M.\]) 
niK  +  .VCE  1  ce.  The  glomerulus  is  en-  20  mg. +  .\CE  1  ce.  “Polyarteritis  nodosa” 
larged  and  partly  necrotic  and  liemor-  involves  a  small  renal  artery.  BP  102  mm. 
rhagic.  Thickening  of  afferent  arteriole  Hg.  H  and  E  X43;). 

(top  left).  BP  175  mm.  Hg.  H  and  E  X300. 

an  increase  in  intercapillary  material  with  adhesion  of  tuft  to  capsule  (Fig. 
7).  Although  there  was  a  small  average  ri.se  in  blood  pressure  in  the  group, 
this  was  not  associated  with  hypertensive  vascular  lesions  in  any  kidney. 

Adrenals.  Relative  to  body  weight  MAD  caused  an  increase  in  the  weight 
of  the  adrenal  glands  (Table  2).  Ditferences  in  the  distribution  of  lipid, 
cholesterol,  birefringent  crystals  and  alkaline  phosphatase  were  present  on 
comparison  of  ]\IAD  and  control  glands.  The  adrenals  from  the  control 
sensitized  rats  showed  narrowing  and  marked  lipid  depletion  of  zona  glo- 
merulosa.  The  cells  of  this  zone  w'ere  small  and  possessed  a  compact  cyto¬ 
plasm.  Lipid  in  moderately  coarse  globules  filled  the  cells  of  outer  zona 
fasciculata  and  the  reaction  became  less  intense  in  the  inner  cortical  zone 
(Fig.  8).  The  distribution  of  cholesterol  and  birefringence  followed  a  sim¬ 
ilar  pattern.  Alkaline  phosphatase,  as  demonstrated  by  our  method,  was 
present  in  the  cells  and  sinusoids  of  zona  reticularis;  in  the  other  cortical 
zones  activity  was  related  primarily  to  the  sinusoids  with  only  a  slight 
reaction  in  the  nuclei  of  the  parenchymal  cells  (Fig.  10). 

Following  MAD  treatment  the  appearances  in  zona  glomerulosa  were 
similar  to  those  observed  in  the  control  glands.  In  zona  fasciculata  and 
reticularis  an  unusual  form  of  lipid  depletion  occurred.  Cortical  cells  con¬ 
taining  large  coarse  lipid  globules  were  aggregated  in  groups  while  the  sur- 
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Fig.  7.  Kidney.  Growth  hormone  2  mu. 
Partial  glomerular  hyalinization  and  a<l- 
hesion  of  tuft  to  eapsule.  BP  151  mm.  Hg. 
H  and  E  X690. 


rounding  cells  contained  fine  lipid  deposits  or  were  depleted  completely. 
Characteristically,  the  most  uniform  depletion  occurred  in  that  part  of 
zona  fascicnlata  immediately  deep  to  glomerulo.sa  (Fig.  9).  This  change 
was  most  pronounced  with  20  mg.  MAD,  and  in  these  circumstances 
the  cells  were  vacuolated  although  severely  depleted  of  lipid.  Reactions 
for  cholesterol  and  birefringence  were  related  to  lipid  distribution  and 
were  reduced  or  absent  in  the  lipid  depleted  areas.  Alkaline  phosphata.se 
activity,  as  demonstrated  histochemically,  wa.s  markedly  enhanced  in 
MAI)  glands.  The  reaction  occurred  in  the  inner  zone  of  fascicnlata  and 
in  zona  reticularis.  Activity  was  often  confined  to  focal  groups  of  cells  at 
the  10  mg.  do.se  level  (Fig.  11).  With  20  mg.  MAD  the  increased  reac¬ 
tion  was  more  uniform  in  distribution,  apart  from  the  subglomerular  zone 
of  vacuolated  cells  which  showed  reduced  enzyme  localization  in  compari¬ 
son  with  the  inner  cortex  (Fig.  12).  A  further  point  of  difference  between 
M.\D  and  control  glands  was  the  pre.sence  in  the  former  of  “colloid  gran¬ 
ules”  demon.strable  by  the  PAS  stain  as  de.scribed  by  Skelton  (1)  and  Sal- 
gado  and  Selye  (2).  The  granules  were  not  numerous  but  were  pre.sent  in 
all  M.\D  glands.  They  were  localized  mo.st  commonly  to  the  vacuolated 
.subglomerular  zone  of  fascicnlata. 

(ill  caused  an  absolute  increase  in  adrenal  weight  (Table  3).  Zona  glo- 
merulosa  showed  a  similar  narrowing  and  lipid  depletion  in  both  test  and 
control  rats.  There  was  an  increase  in  width  of  zona  fascicnlata  and  reticu¬ 
laris  following  GH  treatment;  the  cells  were  filled  with  fine  lipid  droplets 
and  the  reactions  for  cholesterol  and  birefringence  appeared  .slightly  in- 


Fig.  S.  Adrenal,  ('mitrol  rat.  Zona  f^lonuMiiln.'^a  is  depleted  of  lipid.  Distribution  in 
faseicnlata  and  retieularis  is  normal.  Oil  Red  0  and  H  Xlo7. 

Fig.  9.  .Vdrenal.  Intaet  rat,  M.\l)  10  ing.  Zona  >!;lomernlosa  and  outer  faseicnlata 
are  dejdeted  of  lipid.  Patehj'  distribution  in  inner  eorte.x  (ef.  Fij^.  S).  Oil  Red  O  and 
H  XI 45. 


crea.sed.  No  difference  in  tlie  di.stril)ution  of  alkaline  pho.sphatase  ^va^s 
noted. 

Other  organs.  Exaniple.s  of  hyperten.sive  vascular  damage  were  .seen  in 
the  spleen  following  MAD  treatment  in  both  intact  and  adrenalectomized 
rats  treated  with  ACE.  Similar  lesions  were  seen  also  in. the  pancreas  of 
both  groups.  Salgado  and  Selye  (2)  have  described  a  focal  “signet-ring” 
cell  change  in  the  pancreatic  acinar  tissue  as  a  result  of  MAI)  administra¬ 
tion  in  both  intact  and  adrenalectomized  rats.  This  has  been  confirmed  in 
our  experiments  but  a  similar  apixairance  was  also  ob.served  in  a  control 
.sensitized  rat.  The  sfoniaeh  showed  submuco.sal  edema  and  vascular  dam¬ 
age  in  tho.se  rats  which  were  hypertensive;  mucosal  ulcers  were  absent. 


DISCUSSION' 

The  data  of  these  experiments  show  that  MAD  can  cause  hypertension 
with  renal  and  cardiovascular  pathology  in  the  adrenalectomized-sensi- 
tized  rat  treated  with  a  uniform  intake  of  ACE.  The  damage  occurred 
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without  an  increase  in  food-intake  and  salt  load  which  is  a  critical  variable 
in  the  response  of  the  sensitized  rat  to  cold  (o).  Although  these  responses 
to  MAD  can  occur  in  the  absence  of  the  adrenal  glands  it  is  assumed  that 
the  presence  of  adrenal  cortical  hormones  is  necessary  to  support  the  re¬ 
sponse  since  Salgado  and  Selye  (2)  have  reported  that  MAI)  fails  to  cause 
such  changes  in  the  untreated  adrenalectomizc'  "^nsitized  rat.  When  the 
adrenalectomized  rats  received  2  cc.  of  ACE  pt .  it  per  day  (Experiment 
2)  the  administration  of  MAD  caused  as  much  damage  as  occurred  in  the 
presence  of  the  adrenals.  When  1  cc.  of  ACE  per  rat  per  day  was  used  as 
substitution  therapy  (Experiment  3)  the  administration  of  MAD  caused 
less  damage  than  occurred  in  the  pre.sence  of  the  adrenals.  We  assume  that 
the  differences  noted  in  Experiment  3  are  real,  but  since  the  groups  are 
small  this  is  not  certain. 

Three  possible  explanations  for  the.se  re.sults  are  apparent:  (a)  the 
adrenal  cortical  hormones  play  a  permissive  (6)  role  in  the  response  to 
MAD;  (b)  MAD  either  retards  the  catabolism  of  the  cortical  .steroids, 
thereby  causing  a  state  of  hypercorticalism,  or  it  favors  the  formation  of 
cortical  steroid  metabolites  which  are  pathoge»iic;  (c)  MAD  may  .sensitize 
(7)  the  tissues  to  the  pathogenic  actions  of  cortical  steroids  .so  that  a  small 
amount  now  behaves  like  a  much  larger  amount.  It  could  be  postidated 
that  the  alteration  in  histological  and  histochemical  pattern  of  the  MAD 
adrenal  may  be  consistent  with  the  production  of  an  abnormal  steroid. 
This  does  not  seem  tenable  in  view  of  our  finding  that  MAD  produced  a 
similar  syndrome  of  pathology  in  the  adrenalectomized  rat  treated  with 
ACE.  Although  the  authors  have  some  .subjective  preference  for  the  first 
hypothesis,  none  meets  any  of  the  important  requirements  for  proof  of  a 
proposition. 

The  unilaterally  nephrectomized  rat  on  a  high  .salt  load  is  very  .sen.sitivc 
lo  the  level  of  ACE  administered.  The  small  doses  u.sed  in  the.se  experi¬ 
ments  elevated  blood  pre.s.sure  above  that  of  the  control  animals  and  it  was 
previously  shown  (o,  8)  that  doses  of  4  and  8  cc.  per  rat  per  day  cau.se 
renal  and  cardiovascular  damage.  Doses  of  1  and  2  cc.  of  ACE  daily  are 
smaller  than  we  have  considered  to  be  required  for  a  nori.nalizing  dose  in 
adrenalectomized  adult  rats  (9).  In  these  experiments  the  adrenalecto¬ 
mized  rats  treated  with  ACP]  showed  an  increase  in  the  weight  of  thymus 
which  is  .suggestive  of  some  degree  of  in.sufficiency  of  cortisone-like  ster¬ 
oids  which  affect  organic  metabolism.  Why  does  the  adrenalectornized- 
.sensitized  rat,  given  2  cc.  of  ACE  daily,  appear  to  have  too  much  cortical 
hormone  in  respect  to  the  level  of  blood-pres.sure,  and  too  little  as  indi¬ 
cated  by  the  size  of  thymus?  We  have  suggested  (5)  that  in  the  pre.sence  of 
a  high  salt  load  the  adrenal  cortices  can  suppress  their  secretion  of  .scxlium- 
retaining  steroids  without  suppression  of  the  relea.se  of  cortisone-like  ster¬ 
oids.  The  animal  on  a  fixed  intake  of  ACE  is  unable  to  regulate  its  balance 
of  steroids  toward  the  maintenance  of  homeo.stasis.  This  suggestion  is 
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consistent  with  generally  accepted  information  and  concepts  (10,  11)  re¬ 
lating  to  the  secretion  of  sodium-retaining  steroids  by  the  adrenal  cortices. 

The  preliminary  experiment  with  growth  hormone  was  done  on  the 
assumption  that  we  would  readily  confirm  the  report  of  Selye  (12)  that  GH 
will  cause  hypertension  and  nephrosclerosis  in  the  sensitized  rat  and  that 
we  could  then  extend  these  studies  to  an  appraisal  of  the  role  of  the 
adrenal  glands  in  mediating  the  damaging  effects  of  GH.  Although  the 
growth  response  of  the  rats  was  marked,  and  although  they  developed  a 
marked  diabetes  insipidus  and  some  adrenal  cortical  enlargement,  the  ele¬ 
vation  in  blood  pressure  was  small  and  the  increased  damage  very  mild  in¬ 
deed.  In  the  experiments  of  Selye  (12)  the  rats  drank  1%  saline,  but  there 
was  no  added  salt  in  the  diet.  Rats  given  GH  developed  a  diabetes  insipidus 
and  drank  almost  four  times  as  much  saline  as  did  the  controls.  In  our  ex¬ 
perience  such  an  increase  in  salt  load  can  cause  elevation  of  blood  pressure 
with  increased  renal  and  cardiovascular  damage  without  the  administra¬ 
tion  of  exogenous  hormones.  In  the  present  experiments  the  salt  was  con¬ 
tained  in  the  diet  and  the  rats  drank  water  ad  libitum.  There  was  a  signifi¬ 
cant  increase  in  the  amount  of  food  eaten  ad  libitum  which  may  have  con¬ 
tributed  to  the  very  small  increase  in  blood  pressure  and  in  pathology.  On 
the  basis  of  this  experience  and  these  considerations  we  were  discouraged 
from  extending  this  study  of  the  pathogenic  effects  of  GH  in  relationship 
to  adrenal  cortical  function. 
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THE  EFFECT  OF  C'ORTISONE  IN  EXPERIMENTAL 
HYPERVITAMINOSIS  IT 
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Ih  pnrhnrnl  of  Mrdirinr,  The  Jnlina  Hopkitis  Medical  School  and  Hospital, 
liallimorc,  Maryland 

AHSTKA('T 

HyiMMcalceinia  is  tlic  icci)>jniz(‘(l  coniplication  of  ovcrdosaKc  witli  vitamin 
I)  and  cortisono  is  sometinu's  ('ff(‘ctiv(>  in  reducing  the  concontration  of  st'ium 
calcium  in  this  as  well  as  other  hyi)ercalcemic  states.  The  pn'sent  expc'iiinent 
was  designed  to  study  the  effect  of  cortisone  in  expmimental  hypiu  vitamino- 
sis  D. 

Hats  ^iven  .50, 000  u.  of  vitamin  Do  per  kilo  daily  for  7  to  14  days  developed 
hyi)ercalcemia  and  meta])hysial  sclerosis.  Larf^c'r  do.ses  (100,000  to  400,000  u.) 
jnomoted  the  formation  of  excess  o.st«‘oid  ti.ssue  and  there  was  an  accompanyiiiK 
increase  in  histolosieal  evidence  of  active  hone  resorption.  In  hones  of  rats  ^iven 
cortisone  (.50  ms.  kg.)  the  meta|)hy.s(‘.s  were  dense  and  cartilage*  cell  prolifera¬ 
tion  was  I'educed.  However,  concomitant  administration  of  cortisone  with 
vitamin  1)  did  not  lessen  the  vitamin  I)  induced  hypercnlceniia,  and  hoiu's  from 
the.so  rats  showe'd  comhineel  eflfe'cts  of  hoth  comi)ounds.  These  results  suggest 
that  in  rats  cortisone  and  vitamin  1)  act  inde|)endently  rather  than  competi¬ 
tively  on  hone. 

The  admini.stratioii  of  eortisotie,  or  related  .steroids,  has  been  found 
effective  in  reducing  the  hypercalcemia  encountered  in  sarcoidosis, 
idiopathic  hypercalcemia  of  childhood,  certain  neoplastic  diseases,  the 
milk-alkali  syndrome  and  in  hypervitaminosis  D  (1,  2,  3).  When  hyper¬ 
calcemia  exi.sts  in  a.s.sociation  with  the  foregoing  disorders  the  clinical 
manifestations  are  often  quite  similar  and  may  mimic  the  .syndrome  oc¬ 
curring  with  hypervitaminosis  D.  Indeed,  in  .sarcoidosis  and  idiopathic 
hypercalcemia  of  childhood  an  increased  .sen.sitivity  to  vitamin  I)  has 
been  postulated  as  an  explanation  for  the  hypercalcemia  (4,  o).  Although 
cortisone  administration  does  not  invariably  result  in  amelioration  of  an 
existing  hypercalcemia  (3),  it  is  so  often  beneficial  that  it  .seemed  pertinent 
to  study  the  effect  of  cortisone  in  experimental  hypervitaminosis  I). 

Rccoivod  N<»v(“ml)('r  22,  19.57. 

'  Th(‘s(*  studies  w«‘r(‘  .supixutcd  in  part  hy  :i  roiitriict  iK'twvou  tlu*  .\tomic  F.norgy 
f'ummissiou  and  The  .Johns  IIo]>kins  I’niversity. 

■’  The  work  ch'serihed  herein  was  i)erformed  while  a  Postdoetoral  Fellow  of  the 
-Vrthritis  and  Rheumatism  Foundation.  I’u'sent  address:  College  of  Medicine,  I'niversity 
of  Florida,  Gainesville,  Florida. 

®  Research  .Assistant,  U.S.  .Atomic  Energy  Commission.  Present  address:  I4epart- 
ment  of  Pathology,  Royal  Infirmary,  Dundee,  Scotland. 
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PROCEDURE 

WCaiiliiiK,  male,  \\'istar  rats^  were  inaintaiiu'd  on  Purina  cliow  and  water  ad  libitinn. 
When  weighing  50  to  05  gin.  they  were  put  into  groups  of  3  to  4  animals  per  eage  and 
vitamin  I)  and  or  eortisone  was  administered  to  eaeh  rat  aeeording  to  the  following 
■sehedule;  vitamin  (orally) — 400,000,  100,000,  50,000  or  20,000  u.  kg.  initial  body 

weight  daily  for  7  to  14  days;  cortisone  (subeutaneously)  — 50  mg.  kg.  daily  for  7  to  14 
days  (0).  and  a  fi'w  groujis  were  given  only  20  mg.  kg.  daily;  simultaneous  cortisone  and 
vitamin  I) — thi*  sami'  dosagi*  sehi'dules  were  used  as  when  either  eompound  was  ad¬ 
ministered  singly. 

.\t  the  time  of  saerifiee  the  rats  were  weighed,  (‘thmizi'd  and  bled  by  aortie  imneture. 
SiMum  from  rats  of  eaeh  grouj)  was  jiooled  for  detminination  of  ealeium  (7),  inorganic 
phosiihorus  (S),  alkaline  phosphatase  (9)  and  non-jirotein  nitrogen  (10).  The  ])roximal 
tibiae  were  fixed  in  neutral  formalin  for  subsequent  pri'paration  of  undeealeilied  histo¬ 
logical  .sections  (11). 

RESULTS 

Vtlatnin  I)  Adniinifilration.  The  re.sults  obtained  with  rats  giv'en  vitamin 
1)  are  recorded  in  Table  1.  Rats  receiving  tlie  largest  do.se,  400, 000  u.,  kg. 


TaBI.K  1.  KfKECT  ok  VIT.AMI.N  1)  .AD.MIXISTRATIO.V  TO  RATS 


Vitamin 
I>.  r. 

kg., day  | 

1 

Duration 
of  treat¬ 
ment 

1  (days)  1 

No.  of 
rats 

1  testt^d 

1  i 

Range  of  concentrations  in  p<M)led  s<*ra 

Effect  on  bones 

Ca,  iiig.%  j 

.Aik. 

1*.  iiiK.%  phospha¬ 
tase.  B.U. 

NCN 

Excess  osteoid 

Evidence  of 
;active  bone 
destruction 

Sclerosis 
of  me- 
taphysis 

12-14 

18 

15.0-16.5 

4.5-  7.4  63 

.34-43 

profuse 

1  marked  j 

yes 

400,000 

.  8 

10  1 

12.6-15.9 

7.1-  7.7  i  —  ' 

42-48 

profuse 

:  marked  ! 

yes 

KKI.IKKI 

'  14 

;  12  i 

12.1-12.4 

8.0-10.4  23-31 

.3.3-41 

o<'rasional.  slight 

moderate 

yes 

100, (MK) 

7-8 

14  j 

12. 0-1.3. 3 

7.0-10.3  26-40 

.37-.38 

ocrasional,  slight 

*  moderate 

yes 

.■iO.OIK) 

8 

12  1 

11.4  12.0  1 

9.9-11.9  1  — 

.38 

no 

slight 

yes 

20,0<K» 

,  » 

1  8 

1  10.9-11.5  1 

11.7-12.0  1  — 

1  41-4.3 

1  no 

no 

1 

Ijstin;;  of  only  one  vahie  indicates  data  from  a  single  group  of  rats. 


day,  iLsually  failed  to  gain  weight,  all  were  hypercalcemic,  and  .several 
groups  were  .slightly  azotemic.  The  alkaline  pho.sphata.se  was  not  low  in 
contrast  to  values  reported  for  rats  treated  with  larger  do.se.s  of  vitamin  D 
(12).®  Examination  of  the  tibiae  showed  some  decrea.se  in  width  of  the  zone 
of  proliferative  cartilage.  Due  to  persistence  of  calcified  cartilage  matrix 
surrounded  by  new  bone  and  excessive  osteoid  tissue  the  metaphy.ses  were 
much  wider  than  normal.  However,  in  the  rats  given  the  vitamin  for  14 
days  active  bone  resorption  had  rendered  the  mid-metaphysial  area  al¬ 
most  devoid  of  bone.  This  re.sorptive  process  in  the  metaphy.sis  was  char¬ 
acterized  by  the  pre.sence  of  partially  destroyed  trabeculae,  large  vascular 
spaces  and  numerous  o.steoclasts.  Throughout  the  tibiae  there  was  abun- 

*  Obtained  from  Research  Supply  Co.,  Philadelphia,  Pennsylvania. 

®  Obtained  from  C.  F.  Kirk  Co.,  New  York,  New  York. 

®  .Apparently  serum  alkaline  phosphatase  of  rats  is  largely  of  intestinal  origin  and 
may  be  altered  by  a  variety  of  means  (13).  Severe  vitamin  1)  intoxication  has  been 
shown  to  reduce  the  phosphatase  activity  in  rat  .serum  (12,  14),  but  as  starvation  also 
lowers  the  serum  phosphatase  in  this  species,  a  siieeific  effect  cannot  yet  be  attributed 
to  excess  vitamin  1)  per  st*. 
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(lant  osteoid  tissue.  Both  narrowing  of  the  proliferative  cartilage  zo?ie  and 
excessive  hone  resorption  were  less  marked  in  rats  given  vitamin  I)  for  oidy 
7  days  (Fig.  !('  and  D). 

(Iroups  of  rats  given  100, ()()()  kg.  day  gained  weight  and  were  hyper- 
calcemic,  hut  the  changes  in  the  hones  were,  much  le.ss  .striking  than  in 
tho.se  receiving  larger  doses  of  vitamin  D.  The  metaphyses  were  wide  and 
dense,  hut  the  zones  of  proliferative  cartilage  were  not  narrowed,  and  only 
scattered  foci  of  increa.sed  hone  resorption  were  evident  (Fig.  IB).  In  two- 
(liirds  of  the  rats,  whether  treated  for  7  or  14  days,  there  was  no  ahnormal 
amount  of  osteoid  tis.sue,  and  hones  of  the  remaining  rats  showed  oidy 
occasional  areas  of  excessive  osteoid  tissue.  Similar  hut  less  extensive 
changes  were  pre.sent  in  the  tihiae  of  rats  given  50,000  u./kg.,  a  dose  which 
induced  only  slight  hypercalcemia.  Rats  receiving  les.ser  amounts  of  the 
vitamin  (20,000  u./kg.)  remained  normocalcemic  and  had  only  slightly 
increased  width  and  density  of  the  metaphy.ses. 


Table  2.  Effect  of  cortisone  administration  to  rats 


Cortisone, 
log.  kg. 
day 

Duration  of  ^ 
treatment  i 
(days)  1 

No.  of 
rats  \ 

tested 

Range  of  concentrations  in  pooled  sera 

Effect 

on  bones 

Ca.  mg.% 

j  P,  mg.% 

1  Aik.  phos-  i 

I  phataae,  ! 

1  B.U.  1 

NPN.  ! 
mg.%  j 

Narrow- 
cart.  i 
plate  ! 

Metaphysial 

sclerosis 

50 

13  14 

12 

10.2- 10.4 

1  8. 1-8.4 

i  _  1 

34  1 

yes  1 

1  marked 

50 

8 

8 

1». 0-11.0 

1  7.3 

i  “5  j 

32 

1  yes 

marked 

20 

i  14 

:  11.0 

1  9.5 

j  1 

48 

slight 

f  moderate 

20 

1  ^ 

5 

10.7 

8.2 

1  66  1 

46 

!  slight 

1  moderate 

Listini;  of  only  one  value  indicates  data  from  a  single  group  of  rata. 


Cortisone  Administration.  The  data  obtained  on  rats  given  cortisone  are 
recorded  in  Table  2.  Rats  receiving  daily  do.ses  of  50  mg.  kg.  of  initial 
weight  for  8  to  14  days  usually  failed  to  gain,  whereas  tho.se  given  20 
mg.  kg.  had  a  slight  weight  increa.se.  The  concentration  of  calcium  in 
pooled  sera  from  each  group  of  the.se  animals  was  normal.  The  histopath- 
ology  of  hones  from  cortisone  treated  rats  has  been  well  described  by  Follis 
(6).  Similar  changes  noted  in  this  experiment  consisted  of  a  narrowed  zone 
of  proliferative  cartilage,  a  dense  metaphysis  with  persistence  of  calcified 
cartilage  matrix  enveloped  by  new  hone,  and  little  or  no  evidence  of  re¬ 
modeling  of  trabeculae  in  the  proximal  metaphysis  (Fig.  2).  A  den.se  and 
widened  metaphysis  developed  also  in  rats  receiving  20  mg.  kg.  daily,  hut 
there  was  less  inhibition  of  cartilage  cell  proliferation  than  when  larger 
amounts  were  used. 

Simultaneous  Cortisone  and  Vitamin  D  Administration.  The  observations 
made  on  rats  given  both  cortisone  and  vitamin  D  are  recorded  in  Table  3. 
The  animals  treated  with  this  combination  of  drugs  lost  weight  when 
large  do.se.s  were  used  and  even  with  smaller  doses  the  weight  gain  was  less 
than  with  either  compound  alone.  Concomitant  cortisone  administration 
did  not  lessen  the  hypercalcemia  induced  by  vitamin  D.  This  was  true  de¬ 
spite  use  of  the  maximal  tolerated  dose  of  corti.sone  (50  mg.;  kg.)  in  con- 


Fig.  1.  riiiU'calcifiod  sections  of  jiroximal  tibiai*  stainod  with  .VgXOs,  hoinatoxylin 
and  (‘osin  ( X  14). 

.V.  Normal  control.  Note  width  of  proliferative  cartilage  zone  (c)  and  inetaphx'sis  (in). 

H.  Vitamin  1),  100,000  u.  kg. /day  for  1  wk.  Metajjfiysis  wide  and  den.se. 

('.  Vitamin  1),  400,000  u.  kg./day  for  S  days.  Metaphysis  wide,  hut  much  resorp¬ 
tion  of  bone  has  occurred  in  mid-metaj)hysis.  Osteoid  tissue  present  along  soint* 
trabeculae. 

1).  Vitamin  I),  400,000  u.  kg.,  day  for  2  wk.  Mid-metaphysis  almost  comidetely 
devoid  of  trabeculae.  ()st(‘oi<l  tissue  abundant. 
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Fig.  2.  rndeealoificd  s('ctions  of  hono  stainod  as  in  FiRuro  1  {X14). 

A.  CortisoiiP  oO  mg.  kg.  'day  for  K  days.  Zono  of  iiroliferativo  cartilage  narrow. 
Metaphysis  wide  and  dense. 

B.  ('ortisone  as  in  2.\,  hut  for  14  days.  K.xtretnely  densi*  inetajihysis.  Width  of 
epiphj’sial  cartilage  slightly  less  than  in  2.\. 

C).  Cortisone  50  mg.  kg.  and  vitamin  1)  100,000  u./kg.  daily  for  S  days,  .\reas  of 
active  bone  resorption  in  proximal  portion  of  dense  metaphysis.  C'omiiare  with 
Figure  1 B  and  2.\. 

I).  Cortisone  50  mg.  kg.  and  vitamin  1)  400,000  u./  kg.  dailj’  for  8  days.  Same  as  in 
2C  except  for  more  evidence  of  hone  resorption  in  jiroximal  metaphysis  ami 
osteoid  tissue  is  iire.scnt  about  many  trabeculae,  ('oinjiare  with  IC  and  2.V. 
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Table  Kfkect  of  simi  ltaneofs  cortisone  and  vitamin  I) 

ADMINISTRATION  TO  RATS 


C'orti-  j 

Duration 

Range  of  eoneentrations  in  pooled  isera 

Vitamin  D,  sone,  ! 
u./ kg. /day  mg. /kg./ 
day  j 

of  treat-  : 
ment  1 
(days) 

rats  1 
tested  I 

Ca,  mg.% 

P,  mg.%  1 

.\lk.  phos-  vpv 
phatase,  * 

B.U. 

400,000  !  50 

12-14 

12 

12.4-15.5 

7.2-  7.7  1 

—  34-54 

4(M),000  50  1 

1  8  ' 

10 

14.2 

8.0 

45  84 

100,000  j  .50 

8 

12 

12.9-13.3 

9.6-10.3 

45-71  34-44 

100,000  1  20 

14 

1 

12.6-12.8 

8.4-  9.9 

29-30  35 

100,000  ;  20 

'  7 

!  10 

13.2-13.6 

7.2-  8.7 

35  36  46-52 

50,000  1  .50 

!  18 

1  16 

11.3-11.9 

10.8-11.2 

35 

20,000  ,  .50 

!  1- 

12 

10.5-10.8 

9.0-11.7 

j  —  44-47 

Listing  of  only  one  value  indicates  data  from  a  single  group  of  rats. 


junction  with  the  minimal  amount  of  vitamin  D  necessary  to  induce  hyper¬ 
calcemia  (50,000  u.  kg.  for  8  days).  The  structural  derangement  in  the 
til)iae  of  these  rats  was  complex  and  consisted  of  a  combination  of  those 
changes  observed  after  either  cortisone  or  vitamin  D  administration  (Fig. 
2C  and  D).  .Although  excess  osteoid  tissue  was  present  in  rats  given  corti¬ 
sone  plus  400,000  u.  of  vitamin  D  kg.  and  in  a  few  giv’en  100,000  u.  kg., 
it  was  less  profu.se  than  with  vitamin  D  alone  at  similar  do.ses.  In  addition, 
corti.sone  effect  was  ev  idenced  by  the  markedly  narrowed  zones  of  prolifera¬ 
tive  cartilage,  increased  .sclerosis  of  metaphy.ses,  and  less  bone  re.sorption 
than  with  vitamin  D  alone.  The  osteoblasts  surrounding  trabeculae  in 
vitamin  D  treated  animals  were  large  with  vesicular  nuclei,  but  the  addi¬ 
tion  of  cortisone  resulted  in  a  diminution  in  number  and  size  of  these  cells. 
At  all  do.sage  .schedules  u.sed  in  this  experiment  some  histological  effect 
of  both  compounds  could  be  .seen  in  the  bones. 

DISCUSSION 

Experimental  hypervitaminosis  D  is  characterized  by  hypercalcemia 
and  a  variety  of  changes  in  the  bones  of  animals.  The  particular  effect 
achieved  is  influenced  by  diet,  duration  of  treatment  and  amount  of  vita¬ 
min  D  given  (15).  A  moderate  excess  of  vitamin  D  to  young  animals  results 
in  .sclerosis  of  the  metaphyses  (16,  17,  18),  whereas  larger  doses  or  pro¬ 
longed  treatment  causes  histologically  evident  bone  destruction.  Although 
noted  previou.sly  (16)  (18),  it  was  Ham  and  Lewis  (19)  who  empha.sized  the 
production  of  exce.ssive  osteoid  tissue  in  animals  given  large  amounts  of 
vitamin  I). 

In  the  pre.sent  experiment  all  of  the  above  mentioned  changes  in  .sera 
and  bones  were  noted.  Of  interest  was  the  difference  in  dosage  of  vitamin  D 
required  to  produce  the  particular  manifestations  of  hypervitaminosis  D. 
One  thousand  units  (20,000  u./  kg.)  of  vitamin  D  daily  for  1  to  2  weeks  in¬ 
duced  metaphysial  sclerosis.  In  the  same  time  period,  administration  of 
approximately  2,500  units  (50,000  u.,  kg.)  daily  resulted  in  hypercalcemia 
and  histological  evidence  of  increased  bone  resorption,  whereas  5,000  to 
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20,000  units  (100,000  to  400,000  u.  kg.)  daily  promoted  excess  osteoid 
tissue  formation  in  addition  to  an  increase  in  the  effects  noted  after  smaller 
doses. 

Clinically,  hypercalcemia  is  the  recognized  complication  of  overdosage 
with  vitamin  D.  Although  occurring  infrequently,  radiologically  demon- 
.strable  changes  in  bone  have  been  noted  in  hypervitamino.sis  D  of  children 
(20,  21).  The  metaphysial  sclerosis  with  mid-metaphysial  rarefaction  re¬ 
ported  by  Ross  (21)  appears  quite  analogous  to  the  experimentally  induced 
osseous  changes  following  vitamin  1)  administration  (10)  (Fig.  1).  To  our 
knowledge  hypervitaminosis  1)  rickets  has  not  been  encountered  clinically, 
and  the  results  obtained  in  this  experiment  afford  a  possible  explanation. 
To  promote  excess  osteoid  tissue  formation  required  2  to  8  times  the  dosage 
of  vitamin  D  necessary  to  induce  hypercalcemia.  Thus,  if  a  similar  dose 
re.sponse  ratio  is  applicable  to  humans,  extremely  large  amounts  of  the 
vitamin  would  be  nece.ssary  to  cau.se  hypervitaminosis  I)  rickets. 

In  this  study  hypercalcemia  induced  liy  vitamin  D  was  not  modified 
by  concomitant  corti.sone  administration.  These  results  contra.st  with 
clinical  experiences  in  which  cortisone  has  proven  effective  in  reducing 
vitamin  D  induced  hypercalcemia  (3).  It  is  possible  that  had  the  vitamin 
D  been  given  prior  to  rather  than  concomitantly  with  corti.sone  different 
effects  may  have  occurred.  In  view  of  the  persi.stence  of  vitamin  I)  in  the 
serum  long  after  ce.ssation  of  therapy  (22)  such  a  sequence  seems  of  doubt¬ 
ful  importance.  However,  in  two  instances  of  vitamin  D  induced  hyper¬ 
calcemia  in  which  the  vitamin  was  continued  during  cortisone  therapy,  the 
concentration  of  serum  calcium  was  unaffected  in  one  patient  and  reduced 
in  the  other  (23). 

The  mode  of  action  whereby  large  do.ses  of  cortisone  reduce  the  calcium 
concentration  in  some  patients  with  hypercalcemia  is  unknown.  One  sug¬ 
gestion  is  that  cortisone  may  inhibit  the  effect  of  the  hypercalcemia- 
inducing  substance  through  competitive  action  on  target  enzyme  systems 
of  bone  (23).  Recently,  evidence  in  support  of  such  an  action  has  become 
available.  Neuman  and  Neuman  (24)  have  compiled  data  which  .suggest 
that  vitamin  D  enhances  formation  of  oxaloacetate  and  acetyl  coenzyme 
\  from  pyruvate,  whereas  Henneman  and  Bunker  (2.5)  have  indicated  that 
hydrocorti.sone  inhibits  this  reaction.  Nevertheless,  failure  of  cortisone  to 
lessen  vitamin  I)  induced  hypercalcemia  in  rats  and  the  presence  of  dis¬ 
tinct  os.seous  effects  of  both  compounds  suggest  that  these  agents  may  act 
independently  on  bone  in  this  species. 

To  our  knowledge  inhibition  of  bone  destruction  in  man  by  cortisone 
has  not  been  demonstrated  histologically  except  possibly  in  Paget’s  dis¬ 
ease  (26).  However,  the  effectiveness  of  cortisone  in  lessening  hypercal¬ 
cemia  of  varied  etiology  in  patients  on  calcium  free  diets  (3)  constitutes 
indirect  evidence  that  on  these  occasions,  at  least,  cortisone  does  inhibit 
bone  resorption.  In  rats  the  short  term  administration  of  corti.sone  inhibits 
bone  resorption  with  consequent  development  of  den.se  metaphy.se.s.  An 
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explanation  for  this  effect,  so  different  from  that  usually  observed  in  man, 
is  not  apparent,  but  two  factors  warrant  consideration.  [1]  The  dosage  of 
cortisone  used,  20  to  .50  mg.  kg.,  is  apparently  in  excess  of  that  amount 
of  cortico.'^teroids  maximally  produced  by  the  rat  (27)  and  smaller  doses 
may  have  induced  changes  different  from  those  ob.served  in  this  experi¬ 
ment.  [2]  Corticosterone  rather  than  cortisone  is  the  major  corticoid  hor¬ 
mone  of  rat  adrenal  glands  (27),  and  the  action  of  this  hormone  on  rat 
bones  and  on  vitamin  D  induced  hypercalcemia  may  not  be  identical  to 
that  of  corti.sone. 
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IN  VITRO  EFFECTS  OF  ADRENAL  CORTICAL  STEROIDS 
ON  TRANSAMINATION  BY  CELL  SUSPENSIONS  OF 
RAT  THYMUS  AND  LYMPHOSARCOMA' 

MELVIN  BLECHER  axd  ABRAHAM  WHITE 

Department  of  Biochemistry,  Albert  Einstein  College  of  Medicine, 

Yeshiva  I’niversity,  Xcw  York,  X.  1’. 

ABSTRACT 

Asj)artat(‘-f!:lutainatc‘  transainiiiaso  activities  have  been  dctcMiniiuMl  in  cell 
suspensions  of  thyinie  lyniphoeytes  from  normal  and  adrenaleetomized  ])re- 
and  post-pubertal  rats  and  of  the  transplantable  Murphy-Sturm  lymplio- 
sareoma.  This  activity  is  lower  in  thymic  lymphocytes  obtained  from  younger 
than  from  older  normal  animals.  The  in  vitro  addition  of  hydrocortisone  or  of 
cortisone  to  such  suspensions  decreased,  or  increased,  by  approximately  40% 
the  tran.saminase  activity  of  thymic  lymphocytes  from  pre-  and  post-pubertal 
rats,  respectively.  Deoxycorticosterone,  testosb'rone  and  17a-ethyl-19-nortes- 
tosterone  were  without  influence  on  transaminase  activity  in  lymi)hocyte  su.s- 
l)ensions.  .\lthough  adrenalectomy  may  elevate  baseline  transaminase  or 
•lepress  transaminase  activity,  in  thymic  lymphocytes  from  younger  and  older 
rats,  resj)cctively,  the  in  vitro  addition  of  hydrocortisone  to  such  susjx'nsions 
returns  transaminase  activities  to  levels  seen  with  normal  animals.  Lympho¬ 
cyte's  obtained  from  the  lymphosarcoma  show  gn'atly  elevated  transaminase 
activities,  and  are  unafTectc'd  by  the  in  vitro  addition  of  hydrocortisone. 
Thymic  lymphocytes  from  the  tumor-bearing  host  did  respond  in  tyi)ical 
fashion  to  the  presence  of  steroid.  Castration  results  in  markedly  decreased 
transaminase  activity  in  thymic  lymphocytes  from  rats  of  both  age  groups. 
Howevc'r,  transaminase  activity  in  lymphocytes  from  rats  castrated  postpubertal 
respomls  in  typical  fashion  to  the  presence  of  hydrocortisone.  In  contrast,  rats 
castrated  at  a  pre-j)ubertal  age  continue,  at  an  older  age,  to  have  lymphocyte's 
which  show  the  rcsjxense  to  hydrocortisone  typical  of  hmjehocytes  from 
younger  animals. 

I’h'incubation  of  lymj)hocyt('s  with  hydrocoi  tisoiu'  ])rior  to  homoge'iiization, 
yi('lds  cell-free  fractions  which  showed  a  marked  increa.se  in  tran.saminase 
activity. 

AVARIETY  of  experimental  procedures  has  been  employed  to  induce 
lymphoid  tis.sue  involution  in  animals,  e.g.,  mice  and  rats.  Pyridoxine 
deficiency,  procluced  by  feeding  a  diet  deficient  in  the  vitamin  and  inject¬ 
ing  the  metal)olic  antagonist,  deoxypyridoxine,  caused  a  marked  atrophy 
of  thymic  tissue  in  mice  (1 ).  The  apparently  specific  effect  of  even  relatively 

Received  Xovemlx'r  22,  19o7. 

'  This  work  was  supported  in  i)art  by  grants  l)R(l-dr)0(.V)  from  the  Damon  Runyon 
M('morial  Fund  for  Cancer  Re.search,  F-bS  from  the  .\merican  ('anc('r  Socii'ty  ami 
CY-.'Ilod  from  the  National  Cancer  Instituti',  National  Institutes  of  Health,  Public 
Health  Servic('.  t»rat('ful  ac'knowledgt'int'nt  is  also  made  to  tin'  Sclu'iing  Corporation 
for  a  grant  to  the  De))artm('nt  of  Biochemistry. 
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mild  pyridoxiiie  deficiency  in  producing  lymphoid  tissue  involution  sug¬ 
gests  that  pyridoxine  may  play  an  essential  role  in  the  metabolism  of 
lymphoid  tissue.  Pyridoxal  phosphate  is  the  coenzyme  component  of  the 
transaminases  and  of  other  enzyme  systems  concerned  with  aspects  of 
amino  acid  and  protein  metabolism.  In  view  of  the  interrelations  between 
certain  of  the  adrenal  cortical  steroids  and  the  contributions  of  lymphoid 
tissue  to  protein  metabolism  (2,  3),  a  study  has  been  conducted  of  the 
transaminase  activity  of  lymphocyte  suspensions  obtained  from  the  thy¬ 
mus  of  normal  and  adrenalectomized  rats,  and  from  a  transplantable 
lymphosarcoma  of  the  rat.  In  addition,  the  effects  of  certain  steroids,  added 
in  vitro,  on  the  transaminase  activity  of  lymphocyte  suspensions  have  been 
examined. 


E.\PERIMENT.\L 

.Male  rats  <»f  the  SpraRUo-Dawloy  strain’*  wore  cin))l<)y('<l  in  all  ('xi)(*riinonts.  Both 
prcpiihortal  animals,  loss  than  6  weeks  of  age  and  weighing  100  to  140  gm.,  and  post- 
l)uhertal  rats,  10  to  14  weeks  of  age  and  weighing  240  to  2S0  gm.,  were  used,  .\drenalee- 
tomized  rats  were  studied  14  days  following  bilateral  adrenalectomy.  .Vll  animals  were 
fed  Rockland  pellets  and  received  water  ad  libitum,  e.vcept  the  adrenalectomized  animals 
which  were  given  1%  XaCl  solution  as  drinking  fluid.  In  experiments  in  which  testos¬ 
terone  was  administered  to  weanling  rats,  each  animal  received  daily,  subcutaneous 
injections  of  0..5  mg.  testosterone*  propionate*  in  0.2  ml.  sesame  oil  for  2  weeks.  Gonadec- 
tomy  was  perftermed  in  weanling  rats  and  the  animals  sacrificed  for  study  7  weeks  later; 
the  same  opc'rative  procedure  was  carried  out  in  10  week  old  rats  and  the  thymus  tissue 
obtaiiK'd  at  sacrifice  14  days  after  castration.  The  transplantable  .Murphy-Sturm 
lymphosarcoma^  was  allowed  to  develop  subcutaneously  for  14  days  after  the  initial 
transplant  prior  to  sacrifice  of  the  host. 

Washed  cell  suspensions  from  thymie  ti.ssue  obtained  from  the  rats  were  prepared 
i'.ssentially  as  described  by  Farber,  Kit  and  Greenberg  (4)  in  their  modified  Krebs- 
Ringer  phosphate  buffer,  i)H  7.4.  .Vn  initial  centrifugation*  at  IfiOXg  for  1  minute  re¬ 
moved  tissue*  debris.  Cell  susp(*nsions  from  tumor  tissue  w(*r(*  obtain(*d  by  mincing  tin* 
tissue  with  fine  seissors  and  deeanting  tin*  cells  with  use  of  buff(*r;  cells  were  then  isolated 
and  suspensions  prepared  as  for  thymic  lymphocytes.  .Ml  counts  were  made  on  diluted 
aliquots  of  the*  suspensions  in  a  hemocytometer,  using  1:4000  Safranin  O  in  Tyrodes’ 
solution  (5).  This  also  provided  an  index  eef  viable  cells.  Cell  suspensions  contained 
approximately  E.^X  10®  cells  |)e*r  ml.  Dry  weight  eleterminatieens  showeel  that  10*  thymus 
or  lymphosarcoma  cells  weigh  aj)pre)ximate*ly  .50  anel  1.50 /legm.,  respectively  (6).  lelenti- 
fication  e»f  the  cells  empheyeel  as  lym])he)cyte*s  was  cemfirmeel  by  staining  air-elrieel  im¬ 
prints  eer  freezen  sections*  with  hematoxalum  or  Wright’s-Giemsa  stains. 

*  Purcha.seel  from  the*  Holtzman  Ce).,  Maeliseen,  Wise. 

*  The  steroiels  used  in  this  stuely  were  genererusly  proviele*el  fremi  the  folleewing  sources: 
hydrocortisone,  Merck,  Sharpe  and  Dohme  Co.,  Rahway,  N.  .1.;  deoxycortico.sterone, 
testosterone,  anel  testosterone  proprionate  in  oil  (Oreton  propionate),  Schering  Corp., 
Bloomfield,  X.  J. ;  1 7a-ethyl- 1 9-nortestosterone  (Xilevar) ,  G.D.  Searle and  Co.,  Chicago,  111. 

*  Grateful  acknowleelgement  is  made  to  Dr.  K.  Sugiura,  Sloan-Kettering  Institute, 
X’ew  Yeerk,  for  provieling  the  initial  lymphosarcoma  for  transplantation  in  these  studies. 

*  .Ml  centrifugations  eleseribeel  in  this  paper  were  eemelueteel  at  0°  C  in  a  refrigerateel 
International  Centrifuge,  moelel  PR-2. 

*  We  are  indebted  to  Dr.  A.  Xovikoff  of  the*  Department  of  Pathology  for  preparing 
the  frozen  .sections. 
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Hrokon  ('(“ll  pi(‘i)aiati<)ns  of  thymic  tissiu*  from  iiost-puhcrtal  rats  were  prepared  hy 
KrindiiiK  10%  susj)ensions  of  thymus  lym|)hocytes  in  phospliate  hiiffer  in  a  I’otter- 
Klvehjcm-type,  all-glass  liomogtMiizer  for  three  l-mimite  periods  at  0”  ('.  Cell-free 
extracts  of  these  preparations  wer«‘  prepared  hy  centrifugation  at  700  Xg  for  10  minutes. 
.\  microsomal-cytoplasmic  fraction  was  obtained  by  centrifuging  the  supernatant  fluids 
at  5,000 Xg  (Multi-speed  attachment)  for  10  minutes  followed  by  recentrifugation  of 
the  washed  mitochondrial  pellet  at  24,000 Xg  for  10  minutes.  Protein  determinations 
were  performed  both  by  a  semi-micro  Kjeldahl  j)rocedure  and  by  a  microbiuret  method 

(7). 

Incubations  were  done  in  Warburg  ve.ssels.  .\ppropriate  ipiantities  of  the  steroid 
studied  were  first  added  to  ea(di  ves.sel  in  ethanolic  solution  and  solvent  removed  with 
a  current  of  warm  air;  final  concentrations  varied  from  1  to  SXUC^.l/.  In  manometric 
experiments  the  main  compartment  contained  0.5  ml.  of  cell  suspension,  100  jumols. 
buffered  sodium  L-aspartate,'  0.12  /xinols.  pyridoxal-5-|)hos|>hate'*  and  sufficient  addi¬ 
tional  buffer  to  make  a  final  volunu'  of  2.5  ml.  One  side-arm  contained  SO^mols.  a- 
ketoglutarate’  and  the  second  side-arm  0.5  ml.  of  aniline  citrate-citric  acid  (M).  .\ft(>r  a 
15  minute  ])reincubation  jMuiod  at  37°  (',  the  reaction  was  started  by  tii)|)ing  in  the 
keto  acid.  Incubations  were  conducted  in  pre-purified  N2at  37°  ('  with  shaking  and  were 
terminated  by  tipping  in  the  aniline  <*itrate.  Release  of  (’Osfrom  oxaloacetate  formt'd 
by  transamination  was  nu'asured  manouK'trically. 

3'he  manometric  data  obtaimal  were  checked  by  colorimetric  determinations  (9)  of 
the  quantity  of  oxaloacetate  formed  and  a-ketoglutarate  remaining  after  incubation. 
In  such  balance  studies  the  concentration  of  substrate's  was  reduce'd  by  four-fifths  and 
the  period  of  incubation  incr(*a.sed  from  30  to  90  minute's.  Re'sults  eebteiineel  by  the' 
twee  metheiels  e»f  transaminase'  as.say  agreeel  within  5%. 

RESULTS 

Tlie  viability  of  the  lymphocyte  suspensions  during  the  maximum  90 
minute  period  of  incubation,  with  or  without  steroid  addition,  was  .sug¬ 
gested  from  counts  of  stained  cells.  More  .significant  in  this  regard  are  data 
from  unpublished  studies  in  which  oxygen  consumption  of  similarly  pre¬ 
pared  lymphocyte  .su.spensions  has  been  ob.served  to  continue  briskly  for 
as  long  as  a  7  hour  period  of  study. 

Prein(.*ubation  of  lymphocyte  .suspensions  with  pyridoxal-o-pho.sphate 
alone  for  periods  longer  than  the  lo  minute  preincubation  period  used  in 
the  presence  of  substrate  (see  above),  did  not  increase  transamina.se  ac¬ 
tivity  above  that  .seen  without  use  of  extra  coenzyme. 

In  Table  1,  the  mean  basal  values  for  transamina.se  activity  of  various 
lymphocyte  suspensions  are  given  in  the  column  of  values  labeled  as  con¬ 
trols,  tran.saminase  activity.  It  will  be  seen  that  lymphocytes  from  po.st- 
pubertal  rats  appear  to  have  a  higher  transaminase  activity  than  that  of 
cells  from  younger  animals,  whereas  following  adrenalectomy,  the  higher 
transaminase  activity  is  observed  in  thymic  lymphocytes  from  the  younger 
age  group.  The  high  level  of  tran.saminase  activity  in  the  lympho.sarcoma 

''  California  Foundation  for  Biochemical  Research,  Los  .\ngeles,  California. 

*  Two  preparations  of  pyridoxal-5-phosphate  were  employed  with  similar  results 
b('ing  obtained.  One  preparation  was  generously  supplied  by  Merck,  Sharpe  and  Dohrne, 
Rahway,  N.  .1.;  the  other  was  obtained  from  the  California  Foundation  for  Biochemical 
Research,  Los  Angeles,  California. 
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Table  1.  Ekke<  t  of  hydrocobtisoxe  in  vitro  ox  aspartate-olutam ate 

TRAXSAMIXASE  AOTIVITY  OK  SITSI’EX.SIOXS  OK  RAT  I-YMPKOCYTES* 


TyiK*  of  rat  |>r<»vidinK  lymplioi*yti‘s  us<*d 


f'ontfols.  ttaiis- 
aiiiinas4‘  artivityf 


Moan  (‘hango  of  ttansaininas<‘  artivity  frinii 
roiitrol  Irvpls  pr<Klii<‘pd  by  addition 
«>f  hydro<*ortisi>n<* 


( 'onrontration  of  hydroi*ortisom*.  M  Xin  « 


1 

2 

3 

4 

.5 

1.  Normal.  3-6  wt'pkw  of  age 

3!t6±56t{10)5 

-16(2) 

-27  (8) 

-37  (4) 

-3'.l  (10) 

-44  (2) 

2.  Normal,  10*14  weeks  of  age 

620 +  42  {(1.5) 

(14-18)11 
+  13(4) 

(2<K31) 
+28  ('.*) 

(32-40) 
+31  (3) 

(30-50) 
+37  (9) 

(35-48) 
+44  (2) 

3.  Adrenaleetoniised,  3-6  weeks  of  age 

740 

(10-20) 

-10 

(12-40) 

-23 

(16-52) 

-32 

(21-63) 

-34 

(38  49) 

4.  Adrenaleetomixed.  10-14  weeks  of  age 

244 

+47 

+72 

+82 

+  110 

5.  I..ymphoaar(‘oma-b(^aring,  lO  14 

week.s  of  age 

Thyiiius  cells 

l.ymphosarcoma  cells 

6.  Testosterone  treated,  3  6  wc*ek.s  of  age 

1,062  (2) 

(544  1.570) 
7.475(2) 

(4,050- 10, !H»0) 
745 

-  3 

+22  (2) 
(18-25) 

0  (2) 

(-1.3,  +12) 
-  0 

-35 

+44  (2) 
(43-45) 
-10  (2) 
(-2.  -18) 
-45 

-39 

7.  ('astrated  at  10  weeks  of  age:  12  week.s 
old 

58 

+10 

+10 

+28 

+33 

+.38 

8.  Castrated  at  3  weeks  of  age:  13  weeks 
old 

118 

-  5 

-20 

-37 

-39 

-42 

*  AH  lymphocyte  suspenaiona  uaed  were  from  thymic  tiaaue,  except  in  the  caae  of  the  lymphosarcoma  cells, 
t  Transaminase  activity  s^niol.  oxaloacetate  formed  hr. /ftm.  dry  wt.  cells. 

%  Mean  values  and  standard  errors.  Value  of  t  for  comparison  of  experiments  1  and  2  «3.2();  P  <0.(M)5. 

§  Number  of  individual  experiments  indicat<Kl  in  parentheses  for  given  steroid  concentration. 

'  Range  of  values.  Values  in  parentheses  showing  range  for  a  mean  with  a  negative  sign  are  each  negative. 


cells  is  noteworthy,  as  is  the  apparent  effect  of  the  presence  of  the  tumor  in 
elevating  transaminase  activity  in  the  thymic  cells  of  the  host.  A  similar 
augmenting  effect  in  the  presence  of  the  transplantable  lymphosarcoma  on 
the  metabolic  activity  of  thymic  lymphocytes  of  a  tumor-bearing  host  has 
been  observed  (10)  in  in  vitro  measurements  of  protein  and  nucleic  acid 
formation.  Treatment  of  prepubertal  rats  with  testosterone  propionate  in¬ 
creased  markedl}’  transaminase  activity  of  thymic  lymphocytes  to  levels 
characteristic  of  cells  from  older  animals.  On  the  other  hand,  castration  of 
either  prepubertal  or  postpubertal  rats  led  to  a  marked  decline  in  tran.s- 
aminase  levels  in  lymphocytes. 

In  Vitro  Effects  of  Steroids  on  Aspartote-Glutamotc  Transaminase  Activity 
of  Lymphocytes 

Transamina.se  activities  in  thymus  lymphocytes  from  normal  animals 
were  affected  in  proportion  to  the  concentration  of  hydrocortisone  u.sed 
up  to  a  maximum  concentration  of  5X10“^il/.  With  higher  concentrations 
of  hydrocortisone,  no  further  effect  on  tran.saminase  activity  was  observed. 
However,  the  direction  of  this  change  in  transaminase  level  was  dependent 
on  the  age  of  the  animals  employed.  Addition  of  hydrocortisone  to  thymic 
lymphocytes  from  prepubertal  animals  inhibited  transaminase  activity, 
whereas  the  presence  of  steroid  with  lymphocytes  from  postpubertal  ani¬ 
mals  augmented  transaminase  activity  of  these  cells. 

The  data  obtained  \nth  hydrocortisone  addition  to  lymphocytes  from 
adrenalectomized  rats  (Table  1,  lines  3  and  4)  were  qualitatively  the  .same 
as  with  normal  rats.  Control  levels  of  transaminase  activity  were,  however, 
higher  in  lymphocytes  from  adrenalectomized,  prepubertal  rats,  and  lower 
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in  lymphocytes  from  adrenalectomized,  postpubertal  animals,  as  com¬ 
pared  with  cells  from  their  unoperated  controls  of  appropriate  ages.  Never¬ 
theless,  the  direction  and  denree  of  the  elTect  of  added  hydrocortisone  were 
the  same  as  with  lymphocytes  from  normal  rats,  i,e.,  a  decrease  in  trans¬ 
aminase  activity  wlien  the  lymphocytes  wen*  derived  from  thymi  of  pre¬ 
pubertal,  adrenalectomized  rats,  and  an  increase  in  enzyme  activity  when 
the  thymic  cells  were  taken  from  postpubertal,  adrenalectomized  rats. 

The  hydrocortisone  effect  on  lymphocytes  from  the  thymus  of  the 
lymphosarcoma-bearing,  postpubertal  rat  is  qualitatively  the  same  as  that 
observed  for  thymic  cells  from  normal  rats  (Table  1,  lines  2  and  5).  How¬ 
ever,  transaminase  activity  of  the  lymphosarcoma  cells  is  unaffected  by 
the  presence  of  hydrocortisone.  Data  similar  to  those  obtained  with  hy¬ 
drocortisone  have  been  obtained  with  comparable  concentrations  of  corti¬ 
sone.  In  contrast,  deoxycorticosterone,  testo.sterone  and  17a-ethyl-lff- 
nortesto.sterone,  added  in  concentrations  .similar  to  those  of  hydrocorti¬ 
sone,  were  found  to  be  totally  without  influence  on  the  transamination 
processes  in  thymic  lymphocytes  from  either  young  or  older  animals. 

Effect  of  Castration  or  of  Testostcrom  Treatment  on  Aspartate-Glutamate 
Transaminase  Activity  of  Lymphocytes 

Prior  castration  of  either  pre-  or  post-pubertal  rats  reduced  to  very  low 
levels  the  transaminase  activity  of  thymic  lymphocytes  obtained  from 
these  animals  (Table  1,  lines  7  and  8).  Daily  injections  of  te.sto.sterone 
propionate  for  2  weeks  in  prepubertal  castrate  rats  increased  the  tran.s- 
aminase  activity  of  thymic  lymphocytes  to  levels  considerably  above 
those  .seen  with  cells  from  intact  control  animals  of  similar  age;  the  values 
attained  were  characteristic  of  lymphocytes  from  older  animals  (Table  1, 
compare  line  t>  with  lines  1  and  2).  However,  castration  of  postpubertal 
animals  and  testosterone  treatment  of  prepubertal  animals  did  not  alter 
the  hydrocortisone  effect  on  the  tran.samina.se  process  in  thymic  lympho¬ 
cytes  (Table  1,  lines  (i  and  7).  On  the  other  hand,  castration  of  rats  at  8 
weeks  of  age  prev'ented  the  change  in  the  direction  of  hydrocortisone  ef¬ 
fects  seen  normally  as  rats  pass  through  puberty  into  the  postpubertal 
state  (Table  1,  line  8).  Thymic  lymphocytes  from  the.se  older  animals  ca.s- 
trated  at  3  weeks  of  age  responded  to  hydrocortisone  addition  with  a  de¬ 
crease  in  transaminase  activity;  the  direction  of  this  change  is  character¬ 
istic  of  lymphocytes  of  prepubertal  rats  (Table  1,  line  1). 

Hydrocortisone  Effects  on  Cell-free  Extracts  of  Thymic  Lymphocytes 

Hydrocorti.sone  effects  on  a.spartate-glutamate  tran.samina.se  activity  of 
cell-free,  soluble  extracts  derived  from  rat  thymus  lymphocytes  are  shown 
in  Table  2.  Hydrocorti.sone  addition  in  vitro  had  no  consistent  influence  on 
the  transaminase  activity  of  either  total  broken-cell  preparations  or  a  low- 
speed  supernatant  fluid  derived  from  these  preparations  (Table  2,  Exps.  I 
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TaBI.K  2.  AxaEKOBIC  TRANSAMIXATIOX  IX  t’EI.I,  FRACTIOXS 
I’REPAREB  KR<IM  THYMIC  LYMI'MIM  YTES* 


Expt.  1 

Preparation.®  t  i 

R.C.F.t 

Transamination  § 

%  increase 

I 

WH 

,  _ 

0.79 

WH  -f  bO^ig-F /ml. 

-  i 

0.77 

0 

HS 

700 

4.99 

HS  -|-  bO^g.F/ml. 

700 

5.21 

5 

II  1 

Su 

700 

:t.56 

Su -f-  liO/ug.F 'nil. 

700 

5.16 

45 

Sp 

700 

8.2:1 

1:10 

III  ! 

Su 

24,000 

:i .  1 1 

i 

Su  -|-  l2()Mg.F/nil. 

j  24,000 

:i .  46 

1 1 

1 

Sp 

1  24,000 

6.52 

1  109 

IV 

Su 

24.000 

4.0:1 

Su  -t-  120Mg.F/ml. 

24,000 

:i.88 

i  0 

Sp 

24,000 

8.67 

1  115 

•  Thymic  tissue  of  rats  10-14  weeks  of  age  was  used  for  all  studies  in  this  table, 
t  WH,  hroken-oell  preparations  of  thymus;  HS,  supernatant  fluid  from  WH;  F',  hydro¬ 
cortisone;  Su,  supernatant  from  broken-cell  preparations  of  control  lymphocytes;  Sp,  super¬ 
natant  from  broken-cell  preparations  of  lymphocytes  preincubated  with  F. 

X  R.C.F.,  relative  centrifugal  force,  Xg. 

§  Oxalocetate  formed  in  Mniol>^-/hr./mg.  protein. 


and  II).  However,  preincuhat  ion  of  thymus  cell  suspensions  with  2.2  X  lOM/ 
hydroeorti.sone  (for  dO  minutes  at  either  25°  or  37°  C  with  .shaking)  prior  to 
homogenization  resulted  in  supernatant  fluids  (Table  2,  ICxps.  II,  III  and 
I  V)  in  which  tran.samina.se  activity  was  more  tlian  twice  as  great  as  in  con- 
1  rols. 


DISCUSSION 

Interpretation  of  alterations  in  levels  of  tran.saminase  activity  in  vivo  is 
made  more  difficult  by  the  fact  that  transaminases  catalyze  reversibly 
reactions  which  can  be  interpreted  as  either  anabolic  or  catabolic.  The 
central  role  of  a-ketoglutarate  in  transamination,  as  an  acceptor  in  vivo, 
under  the  catalytic  influence  of  .specific  transamina.ses,  of  amino  groups 
from  all  amino  acids,  except  threonine  and  lysine,  to  form  glutamic  acid 
focuses  attention  on  tramsamination  as  a  key  mechanism  in  the  initial 
catabolism  of  amino  acids.  Moreover,  the  subsequent  enzymatic  removal 
of  the  nitrogen  of  glutamic  acid,  catalyzed  by  L-glutamic  acid  dehydro- 
gena.se,  channels  the  nitrogen  of  amino  acids  into  irreversible  pathways 
of  urea  formation  and  excretion.  Viewed  in  this  manner,  transamination 
provides  a  mechanism  for  continually  removing  from  the  body  nitrogen 
from  amino  acids  derived  from  dietary  or  ti.s.sue  sources  in  excess  of  the 
needs  of  the  organism.  On  the  other  hand,  transamination  of  glutamic  acid 
with  a-keto  acids  which  can  be  synthesized  by  the  mammal  is  a  basis  for 
the  biosynthe.sis  of  a  variety  of  amino  acids  which  are  not  essential  in  the 
diet.  From  this  point  of  view,  tran.saminases  may  function  to  promote 
anabolic  proce.sses. 
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In  general,  circumstances  which  favor  growth  have  been  reported  to  be 
accompanied  by  a  decrease  in  tissue  transaminase  activity.  This  may  be 
interpreted  as  directed  toward  preservation  of  dietary  amino  acids  for 
giowth  purposes.  Thus,  Cohen  and  Hekhius  (11)  observed  low  transami¬ 
nase  activity  in  rapidly  growing  embryonic,  malignant  or  regenerating  tis¬ 
sues.  Bartlett  and  Glynn  (12),  Gaebler  (13)  and  Zuchlewski  and  Gaebler 
(14)  have  reported  an  abnormally  high  glutamate-aspartate  transaminase 
in  liver  and  muscle  of  hypophysectomized  rats.  These  high  values  were  re¬ 
duced  by  treatment  of  the  animals  with  growth  hormone.  Beaton,  Curry 
and  Veen  (15)  found  that  in  adult  rats,  single  or  long  term  injections  of 
growth  hormone  reduced  liver  glutamate-alanine  transaminase  activity.  In 
contrast,  cortisone  administration  has  been  reported  (15-17)  to  increase 
significantly  glutamate-aspartate  and  glutamate-alanine  transaminase  ac¬ 
tivity  in  both  normal  and  regenerating  liver  of  rats,  without  affecting  the 
rate  of  hepatic  regeneration  (17).  It  was  suggested  that  the  hormone  may 
enhance  gluconeogenesis  by  activating  the  transamination  process  (17). 

The  hazards  in  interpreting  increases  or  decreases  in  tissue  transaminase 
levels  in  terms  of  amino  acid  anabolism  or  catabolism  are  emphasized  by 
the  findings  of  Zuchlewski  and  Gaebler  (14).  Despite  the  drastic  reduction 
of  liver  glutamate-alanine  transaminase  activity  produced  in  hypophysec¬ 
tomized  rats  treated  with  growth  hormone,  transfer  of  isotopic  nitrogen 
from  alanine  to  other  amino  acids  occurred  to  the  same  extent  in  the 
growth  hormone-treated  animals  as  in  appropriate  controls.  Thus,  a 
marked  decrease  in  measurable  enzyme  activity  was  not  reflected  in  an 
interference  with  the  extent  of  enzyme  functioning. 

The  relating  of  data  from  transaminase  studies  on  tissues  obtained  from 
animals  treated  with  hormones  in  vivo  to  findings  in  the  present  study  with 
cells  treated  with  hormones  m  vitro,  has  definite  limitations.  Nevertheless, 
except  for  the  high  levels  of  transaminase  activity  in  the  lymphosarcoma 
cells,  the  data  fit  a  discernible  pattern  which  is  in  general  agreement  with 
previous  concepts.  The  elevated  transaminase  activity  of  lymphosarcoma, 
as  compared  to  normal  thymic,  lymphocytes,  is  in  contrast  with  data  (11) 
for  other  malignant  tissue,  but  is  generally  in  agreement  with  higher  trans¬ 
aminase  values  found  by  Kit  and  Awapara  (18)  for  the  Murphy-Sturm 
lymphosarcoma,  and  other  lymphosarcomas,  as  compared  with  normal 
thymus  or  spleen.  The  higher  transaminase  values  found  in  lymphocytes 
from  postpubertal  as  compared  with  prepubertal  rats  could  be  a  reflection 
of  the  continuing  growth  status  of  the  younger  animals,  and  perhaps  a 
consequence  of  increased  availability  of  growth  hormone.  The  nature  of  the 
effects  of  hydrocortisone  added  in  vitro  on  transaminase  activity  of  lym¬ 
phocytes  showed  a  striking  dependency  on  the  age  of  the  animals  from  which 
the  tissue  was  obtained.  Added  to  lymphocytes  from  prepubertal  animals, 
hydrocortisone  decreased  transaminase  activity.  In  contrast,  under  identi¬ 
cal  experimental  conditions,  hydrocortisone  augmented  transaminase  ac- 
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tivity  in  lympliocytes  obtained  from  postpubertal  animals.  In  tlie  latter 
instance,  it  could  be  inferred  that  the  hormone  was  exertinjj;  a  transaminase 
influence  reflecting  its  catabolic  activity  (17,  ID),  whereas  in  the  case  of  the 
lymphocytes  fr»)m  younger  animals,  the  hormone’s  effect  on  transaminase 
activity  is  a  reflection  of  the  anabolic  activities  of  the  younger  rats.  The 
failure  of  added  hydrocortisone  to  influence  transaminase  activity  in 
lympho.sarcoma  lymphocytes  is  noteworthy  and  in  contrast  with  hormonal 
effects  seen  with  thymic  lymphocytes  from  the  tumor-bearing  rat. 

It  may  be  noted  that  the  direction  of  the  in  vitro  effect  of  hydrocortisone 
on  transaminase  activity  of  lymphocytes  was  also  dependent  on  the  age 
of  the  donor  rat  when  the  cells  were  obtained  from  adrenalectomized  ani¬ 
mals.  The  higher  then  normal  basal  transaminase  activity  of  lymphocytes 
from  prepubertal,  adrenalectomized  rats,  and  the  lower  than  normal  values 
for  lymphocytes  from  postpubertal,  adrenalectomized  rats  could  be  a  re¬ 
sult  of  the  absence  of  the  adrenal  steroid  influence  in  the  operated  animal, 
i.e.,  to  diminish  transaminase  activity  in  lymphocytes  from  prepubertal 
rats  and  to  augment  this  activity  in  older  animals.  The  levels  of  trans¬ 
aminase  activity  of  lymphocytes  from  adrenalectomized  rats  would  thus 
reflect  the  absence,  prior  to  sacrifice  of  the  animals,  of  circulating  adrenal 
cortical  steroids. 

An  influence  of  testosterone  on  the  transaminase  activity  of  lymphocytes 
is  clearly  indicated  from  the  data.  Awapara  (20)  reported  that  castration 
in  the  rat  decreases  considerably  the  transaminase  activity  of  the  ventral 
prostate  and  seminal  vesicles.  Kochakian  and  Endahl  (21)  found  an  in¬ 
crease  in  the  transaminase  activities  of  the  temporal  muscles  of  guinea 
pigs  treated  with  anabolic  steroids,  and  related  this  to  a  generalized  in¬ 
crease  in  muscle  weight.  In  the  present  study,  castration  of  either  younger 
or  older  rats  produced  a  sub.sequent  striking  decline  in  transaminase  ac¬ 
tivity  of  thymic  lymphocytes  of  the.se  animals.  Moreover,  testosterone 
treatment  of  prepubertal  animals  elevated  transaminase  activity  mark¬ 
edly.  However,  testosterone  treatment  of  prepubertal  rats,  or  ca.stration 
of  postpubertal  animals,  did  not  alter  the  direction  of  the  added  hydro- 
corti.sone  effect  on  lymphocyte  tran.saminase  activity.  On  the  other  hand, 
lymphocytes  obtained  from  older  rats  which  had  been  castrated  prior  to 
puberty  responded  to  hydrocortisone  addition  with  a  decrea.se  in  tran.s¬ 
aminase  activity,  a  response  characteristic  of  the  cells  of  prepubertal  ani¬ 
mals.  The  presence  of  testosterone  appears  necessary  for  the  augmenting 
effect  of  added  hydrocortisone  on  transaminase  activity  of  lymphocytes 
from  older  animals. 

The  effects  of  hydrocortisone  added  in  vitro  on  lymphocyte  transaminase 
activity  were  characteristic  for  this  steroid  and  were  in  contrast  to  the 
complete  absence  of  a  discernible  effect  b}’  deoxycorticosterone,  testo.ster- 
one,  and  17a-ethyl-19-nortestosterone.  These  results,  taken  together  with 
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studies  of  the  morphology  of  the  cell  suspensions  at  the  end  of  the  incuba¬ 
tion  period  and  unpublished  measurements  of  oxygen  consumption,  sug¬ 
gest  that  the  results  obtained  with  hydrocortisone  were  due  to  specific  ac¬ 
tions  of  this  steroid.  Mor<‘over,  other  studies  (  It))  of  lymphocyte  metabo¬ 
lism  have  shown  that  tleoxycoiiicosterone  and  1 7«-et hyl-lh-nortestosterone 
may  alter  protein  and  nucleic  acid  metabolism  in  lymphocytes.  The  data 
support  the  suggestion  that  specific  steroids  may  influence  selected  meta¬ 
bolic  phenomena  in  lymphocytes. 

Transamination  studies  with  fractions  of  broken-cell  preparations  of 
lymphocytes  were  initiated  as  an  effort  to  examine  the  mechanism  of  action 
of  hydrocortisone  on  tran.saminase  activity  of  lymphocytes.  These  experi¬ 
ments  were  expected  to  give  a  beginning  insight  into  whether  .steroid  action 
at  the  cell  surface  and  variable  permeability  of  lymphocy  tes  to  diffusible 
ions  or  substrates  might  contribute  to  the  data  obtained.  Added  hydro¬ 
cortisone  failed  to  influence  consistently  transaminase  activity  of  whole 
broken  cell  preparations  of  lymphocytes,  or  of  fractions  prepared  by  differ¬ 
ential  centrifugation  of  such  preparations.  This  suggested  a  participation  of 
the  lymphocyte  membrane  in  the  expression  of  the  hydrocorti.sone  effects 
ob.served  with  intact  cells.  However,  preincubation  of  lymphocytes  from 
postpubertal  rats  with  hydrocortisone  yielded  cell  fractions  prepared  from 
such  lymphocytes  which  now  exhibited  the  augmentation  of  transaminase 
activity  seen  previously  with  addition  of  the  steroid  in  vitro  to  intact 
lymphocytes  from  mature  rats.  The  observations  suggest  that  the  influ¬ 
ence  of  hydrocortisone  on  transaminase  activity  is  exerted  within  the  cell 
and  is  dependent  on  some  degree  of  integrity  of  the  protoplasmic  architec¬ 
ture. 
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EFFECT  OF  AMPHENONE  UPON  STEROIDOGENESIS 
IN  THE  ADRENAL  CORTEX  OF 
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ABSTRAC'T 

111  the  hiimster,  ainphenone  does  not  ])iotluee  the  marked  adreno- 

inegaly  or  inerease  in  adrenal  eholesterol  content  seen  in  other  species.  In  the 
hamster,  too,  there  is  no  effect  of  ainphenone  on  corticoidogenesis  as  ineasuri'd 
by  urinary  steroid  excretion.  .Vdministration  of  amphenone  to  the  hamster 
results  in  the  excretion  of  a  metabolite  that  interferes  with  the  Zimmermann 
test  for  1 7-ketosteroids.  It  is  postulated  that  the  hamster,  and  perhaps  other 
species  with  lipid-poor  adrenals,  may  not  utilize  cholesterol  as  an  adrenal 
steroid  jnecursor,  but  may  condense  small  metabolic  units  directly  to  a  C2\ 
steroid. 

IT  HAS  been  known  for  some  years  that  there  are  distinet  morphological 
and  histoeliemical  differences  in  the  adrenal  cortices  of  different  mam¬ 
malian  species.  Though  the  mammalian  adrenal  cortex  is  characteristically 
a  lipid-rich  structure  (1,  2),  several  species  are  exceptions  to  this  concept. 
The  mammalian  adrenal  should  probably  be  subdivided  into  lipid-rich  and 
lipid-poor  groups,  depending  on  the  size,  number,  and  distribution  of  lipid 
droplets  in  the  cortical  cells,  and  the  presence  or  absence  of  a  positive 
Schultz  test  for  cholesterol  in  these  cells. 

Using  these  criteria,  most  common  laboratory  animals  (pialify  as  having 
lipid-rich  adrenals.  These  include  specifically  the  rat  and  the  dog,  the  ani¬ 
mals  used  mo.st  generally  in  physiological  and  histological  studies  on  the 
adrenal  cortex.  In  contrast,  the  golden  hamster,  Mcsocricctus  auratns,  like 
some  other  hibernating  mammals  and  .some  ruminants,  has  a  distinctly 
different  kind  of  adrenal  cortex.  It  is  consistently  negative  to  the  Schultz 
test,  and  contains  few,  if  any,  lipid  droplets  (3).  Sudan  black  produces  only 
a  moderate  diffuse  background  stain  with  a  few  droplets  in  the  glomerulosa; 
the  only  intense  lipid  staining  is  produced  with  the  Schiff  reaction  for 
plasmalogens,  the  Baker  reaction  for  phospolipids,  and  the  02-Schiff 
(“Secondary  Schiff”)  reaction  for  unsaturated  fatty  acids  (4,  .5,  6).  These 
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findings  suggest  that  the  predominant  lipid  in  the  hamster  adrenal  eortex 
is  phospholipid  rather  than  cholesterol  or  neutral  fat,  and  is  probably  struc¬ 
tural  rather  than  stored  metabolic  precursor  (4). 

The  hamster  is  also  unusual  in  that  its  adrenal  gland  exhibits  an  inverted 
sexual  dimorphism,  the  absolute  and  relative  weights  of  the  male  glands 
being  greater.  This  difference  is  abolished  by  gonadectomy  (7).  It  has  been 
stated  also  that  the  adrenalectomized  hamster  is  better  maintained  by 
progesterone  than  DC  A  (8). 

It  was  felt  that  the  above  differences  in  the  morphology  and  histophysi- 
ology  of  the  hamster  adrenal  cortex  indicated  rather  basic  differences  in 
the  functional  biochemical  pathways  between  animals  with  lipid-rich  and 
lipid-poor  types  of  glands.  Accordingly,  it  was  decided  to  investigate  these 
differences  by  studying,  in  the  hamster,  the  effects  of  drugs  that  are  known 
to  interfere  in  steroidogenic  pathways.  One  such  drug  is  Amphenone-B,®  a 
substance  which  has  been  demonstrated  to  cause  marked  enlargement  of 
the  thyroid  and  adrenal  glands  of  the  rat,  and  which  also  possesses  some 
progestational  activity  (9).  The  effects  of  amphenone  on  the  rat  adrenal 
have  been  attributed  to  an  interference  with  corticosteroid  synthesis,  so 
that  the  use  of  this  drug  in  the  hamster  might  be  expected  to  give  us  some 
information  about  this  same  process  in  a  lipid-poor  adrenal. 

METHOD  OF  STUDY 

Till*  animals  used  woro  male  golden  hamsters,  Tumhlebrook  Farm  strain,  initial 
weight  aj)])roximately  100  g.  They  were  compared  with  male  Wistar  strain  albino  rats, 
w('ight  ap])roximately  ISO  g.  All  were  maintained  on  regular  laboratory  chow  and  water 
nd  libitum.  Amj)henone  was  administered  intragastrically  through  a  fine  polyethylene 
catheter.  It  was  dissolved  in  water  in  such  concentration  that  the  daily  dose  per  animal, 
200  mg /kg.,  could  be  given  in  0.5  cc.  of  solution. 

('holesterol  determinations  were  performed  according  to  the  method  of  Coleman 
and  MePhee  (10)  mo<lified  for  tissue  use.  I’rinary  17-ketosteroids  were  determined  by 
the  Zimmermann  reaction  according  to  Klendshoj  et  al.  (11).  17-hydroxycorticoids  in 
urine  were  determined  by  the  Porter-Silber  reaction  of  Reddy  et  al.  (12)  with  modifica¬ 
tion  (13). 

.Vnimals  were  sacrificed  by  decapitation,  the  left  adrenal  removed,  trimmed  free  of 
all  sujjerfluous  tissue,  weighed  on  a  Roller-Smith  torsion  balance,  then  placed  in  a  thick- 
walled  12  cc.  conical  centrifuge  tube.  In  this  vessel,  the  adrenal  was  ground  with  a  few 
grains  of  sand,  using  a  heavy  glass  rod  as  a  pestle,  then  extracted  with  3:1  (v/v)  alcohol- 
ether.  The  cholesterol  determination  was  done  on  an  aliquot  of  this  extract.  The  right 
adrenal  gland  was  removed  and  j)laced  in  10%  formalin,  .\fter  several  days  fixation, 
frozen  sections  were  cut  and  stained  by  the  Schultz  method  and  with  Sudan  black  B. 
The  remainder  of  the  gland  was  dehydrated  and  embedded  in  paraffin  for  routine  stain¬ 
ing  with  hematoxylin  and  eosin. 

®  3.3-bis(j)-aminophenyl)-butanone-2-dihydrochloride,  will  be  refi'rred  to  subse¬ 
quently  as  amphenone  (2,5).  It  was  generously  provided  by  Dr.  Rf>y  Hertz,  National 
Institutes  of  Health,  and  by  E.  \V.  Young,  The  Upjohn  Company. 
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RESULTS 

Effects  of  feeding  ainplienone  to  golden  hamsters  are  summarized  in  Fig¬ 
ure  1  and  Table  1.  For  the  sake  of  comparison,  data  on  similarly  treated 
groups  of  control  and  experimental  rats  are  included.  The  data  obtained  on 
the  rats  is  consistent  with  earlier  reports  on  this  species  (14,  15).  It  is  ap¬ 
parent  that  in  contrast  to  the  rat,  the  hamster  shows  an  insignifit ant 


Fig.  I.  F.fTccts  of  iitii|)lu'noiic  upon  tlic 
iulrciiiil  of  the  iiialc  hainstor  and  rat. 


change  in  absolute  adrenal  weight,  in  adrenal  weight  relative  to  total  body 
weight,  and  in  adrenal  total  chole.sterol  content.  In  addition,  the  histologi¬ 
cal  preparations  showed  no  Schultz-reactive  material,  and  there  was  no 
change  in  the  Sudan  staining  of  the  adrenals  in  the  experimental  animals, 
i.e.,  no  accumulation  of  lipid  droplets.  Table  1  in  addition  demonstrates  the 
reason  for  the  lack  of  Schultz  staining  in  the  ham.ster — the  adrenal  total 
cholesterol  content  is  only  one-tenth  that  in  the  rat,  and  is  below  0.5%, 
the  level  which  .some  histologists  consider  necessary  for  the  appearance  of 
a  positive  histochemical  reaction  (Knouff,  R.  A. — personal  communica¬ 
tion). 


Table  1.  Fekects  of  amphenone  ui'on  the  adrenal  ok  the  male 

HAMSTER  AND  RAT 


[ 

Treatment  1 

Number  |  .‘‘I*''*''*'*' 

!  weight,  mg. 

.\/H  ratio* 

.\drenal 
cholesterol 
])er  cent 

('ontrol  hamster 

^  10.4+  .0 

12.1+1.0 

.20+  .08 

.Vmphenonet  hamst(‘r 

7  1 1  . 7  +  1  . 

18.7  +  1.7 

.80+  .04 

Control  rat 

4  lil.8  +  :{.7 

0.1  + 1.8 

8.20+  .07 

.\mplienonet  rat 

4  ;{:i . .')  +  8 . 4 

18.1  +4.8 

8.  12  +  1 .00 

M«‘aii±s.l). 

*  Left  adrenal  wt.  in  ing./body  wt.  in  g.  X  100. 
t  Amphenone  200  mg. /kg. /day  P.O.  XIO. 
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In  order  to  further  characterize  the  apparent  lack  of  amphenone  effect 
in  the  golden  hamster,  a  group  of  males  was  castrated,  and  upon  recovery 
from  this  procedure,  the  urinary  17-ketosteroid  excretion  was  studied  be¬ 
fore  and  after  amphenone  treatment.  Results  are  shown  in  Table  2  in  terms 
of  micrograms  of  17-ketosteroid  per  24  hour  urine  sample. 

The  control  castrate  male  hamster  excretes  approximately  38  Mg-  17- 
ketosteroid  per  day.  We  were  surprised  to  see  the  amphenone-treated  ani¬ 
mals  excreting  about  2\  times  that  much,  but  it  was  quickly  realized  that 
this  must  represent  the  presence  in  the  urine  of  an  amphenone  metabolite. 
That  this  could  not  possibly  be  a  false-positive  test  from  amphenone  itself 
was  shown  by  a  control  reaction  with  a  sample  of  the  pure  drug.  The  slight 
color  produced  in  the  Zimmermann  reaction  by  the  total  daily  dose  of  pure 
amphenone  could  only  account  for  a  small  percentage  of  the  value  actually 
found. 


Table  2.  Effect  of  amphenone  vpon  urinary  17-ketosteroii) 

OF  THE  CASTRATE  MALE  HAMSTER 


Treatment 

Number 

Urinary  17 
ketosteroid 

Mg/24  hours 

Control 

9 

38  +  7.3 

Amphenone* 

4 

94±23.5 

.\mphenone-adrenaleetomized 

5 

62  ±13.8 

.\drenaleetomized 

1 

6 

.  Mean  ±  S.  I). 

*  Amphenone  200  mg. /kg. /day  P.O. 


Proof  of  the  excretion  of  this  postulated  amphenone  metabolite  was  ob¬ 
tained  by  adrenalectomizing  the  castrate  male  hamsters  which  were  being 
treated  with  the  drug.  Three  days  after  adrenalectomy  these  animals  were 
.«!till  excreting  62  Mg-  of  apparent  17-ketosteroid,  at  a  time  when  there  was 
no  known  source  of  this  steroid.  That  all  of  this  material  represents  a  non¬ 
steroidal  chromogen  was  shown  by  discontinuing  the  amphenone  treat¬ 
ment,  after  which,  in  the  instance  in  which  we  could  keep  the  animal  alive, 
the  urinary  17-ketosteroid  fell  to  6  Mg-  per  day — actually  about  the  lower 
limit  of  sensitivity  of  the  method. 

Subsequent  investigation  of  this  chromogen  resulting  from  amphenone 
treatment  indicates  that  it  produces  a  broad  band  of  absorption  in  the 
visible  range  without  the  peak  at  510  mM  which  characterizes  the  17-keto- 
steroids.  Preliminary  attempts  at  separating  and  identifying  this  chromo¬ 
gen  with  paper  chromatography  have  not  yet  been  successful. 

Since  Hertz  (9)  reports  a  fall  in  the  level  of  glycogenic  steroid  production 
in  the  amphenone-treated  rat,  a  study  of  17-hydroxycorticoid  excretion  in 
the  hamster  was  performed.  Amphenone  does  not  interfere  in  the  Porter- 
Silber  reaction.  The  drug  was  administered  to  3  castrate  males,  dose  200 
mg.  kg.  day.  (’ontrol  animals  excreted  .16  mg.  of  17-hydroxycorticoids 
per  24  hours.  After  five  (lays  of  treatment,  no  effect  upon  steroid  excretion 
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was  seen  (.14  mg./'day  excreted),  after  ten  days  some  augmentation  might 
have  occurred  (.31  mg.  day  excreted).  Certainly  there  was  no  inhibition  of 
steroidogenesis. 


DISCUSSION 

It  is  piohably  safe  to  assume  that  absorption  of  amphenone  takes  place 
from  the  gastro-intestinal  tract  of  the  golden  hamster,  though  the  feces 
were  not  analyzed  for  their  content  of  the  drug.  Since,  in  some  female  ham¬ 
sters  that  were  treated,  definite  endocrine  effects  were  seen  in  the  enlarge¬ 
ment  of  the  uterine  horns,  an  effective  blood  level  of  the  drug  must  obtain 
in  this  sex.  Furthermore,  the  excretion  of  a  metabolite  of  amphenone  in 
the  urine  is  an  indication  of  absorption.  We  do  not,  however,  know  the  site 
nor  the  extent  of  the  degradation  of  this  agent,  nor  the  duration  of  the 
effective  blood  levels.  The  metabolite  excreted  by  the  hamster  seems  to 
liehave  similarly  to  that  described  as  occurring  in  the  urine  of  man  (18). 
From  studies  on  the  intact  and  perfused  adrenal  (16,  17)  it  is  clear  that 
amphenone  itself  has  the  effect  upon  the  gland,  although  it  has  not  lieen 
established  whether  or  not  the  metabolic  products  are  also  active. 

It  seems  clear  that  the  reason  for  the  adrenal  enlargement  following 
amphenone  treatment  of  various  species  is  an  inhibition  of  steroid  secre¬ 
tion  followed  by  a  compensatory  increase  of  corticotrophin  release  by  the 
anterior  pituitary.  The  inhibition  of  corticoid  secretion  has  been  demon¬ 
strated  in  the  dog  (19),  the  calf  (17),  and  man  (18,  20,  21).  The  cortico¬ 
trophin  requirement  was  demonstrated  in  the  rat  by  Hertz,  who  showed 
that  hypophysectomy  (9)  or  cortisone  administration  (22)  would  prevent 
adrenomegaly.  The  markeil  accumulation  of  cholesterol  which  occurs  in 
the  adrenal  of  the  amphenone-treated  rat  is  interpreted  as  indicating  a 
block  in  the  conversion  of  precursor  cholesterol  to  corticosteroid.  This 
interpretation  is  strengthened  by  the  direct  demonstration  that  amphe¬ 
none  inhibits  numerous  of  the  pathways  of  steroid  synthesis  in  the  adrenal 
in  doses  which  do  not  materially  affect  the  oxygen  consumption  of  the 
tissue  (17).  Amphenone  is  then  a  specific  inhibitor  of  steroid  synthesis  and 
not  a  nonspecific  toxin.  Any  species  that  depends  upon  the  availability 
of  cholesterol  as  a  precursor  of  adrenal  steroids  should  show  cholesterol 
accumulation  in  the  adrenals  of  amphenone-treated  animals.  Conversely, 
if  no  cholesterol  accumulation  occurs,  this  would  indicate  a  difference  in 
the  metabolic  pathway  for  steroid  synthesis. 

In  every  other  species  in  which  there  has  lieen  a  study  of  the  steroid 
excretion  following  amphenone  treatment,  a  marked  reduction  in  the  out¬ 
put  of  one  or  more  steroids  has  been  noted.  At  the  same  time,  presumably, 
there  would  have  been  accumulation  of  cholesterol  in  the  adrenal.  This 
correlates  well  with  the  accepted  view  of  amphenone  action  and  the  present 
view  of  steroid  synthesis  in  the  adrenal  cortex  (23). 

In  the  case  of  the  hamster,  however,  there  is  clearly  no  piling  up  of 
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cliolesterol,  no  inliihition  of  steroidogenesis  (although  we  have  not  ex¬ 
amined  aldosterone  seeretifm),  and  consefiuently  no  adrenal  hypertrophy. 
In  order  to  account  for  this  departure  from  the  (‘xpected  behavior,  it  may 
he  necessary  to  postulate  that  this  sp(*cies,  and  perhaps  others  with  lipid- 
poor  adrenals,  does  not  utilize  the  usual  mellnxl  of  steroid  synthesis.  In¬ 
stead,  it  might  condense  short-chain  units  directly  to  a  C21  rather  than  a 
C27  compound  (cholesterol),  and  thus  not  require  some  of  the  metabolic 
steps  which  amphenone  inhibits.  This  would  accommodate  many  of  the  ol)- 
servations  on  the  histophysiology  of  the  ham.ster  adrenal  cortex.  The  in¬ 
itial  low  cholesterol,  rather  poorly  responsive  to  stress  or  ACTH  (4,  o), 
and  the  failure  to  obtain  changes  with  amphenone  are  all  explained  by  this 
alternative  to  the  generally  accepted  steroidogenic  scheme.  At  present, 
the  possibility  of  qualitative  and  quantitative  differences  in  the  detoxifica¬ 
tion  of  amphenone  by  the  hamster  cannot  be  completely  discarded.  Never¬ 
theless,  we  feel  that  the  most  reasonable  hypothesis  explaining  our  findings 
is  a  basic  biochemical  difference  in  the  hamster’s  adrenal  cortical  metabol¬ 
ism. 

Support  for  the  postulate  which  we  offer  could  be  obtained  with  the 
use  of  labelled  substrates  in  the  hamster.  It  has  already  been  demon¬ 
strated,  though,  that  in  cell-free  preparations  of  hog  adrenal  there  is  in¬ 
corporation  of  labelled  acetate  directly  into  adrenal  corticoids,  without 
any  labelling  of  the  adrenal  cholesterol  pool  (24).  We  suggest  that  this 
process,  which  in  other  species  occurs  only  in  acellular  preparations,  may 
be  the  predominant  one  in  the  intact  adrenal  gland  of  the  hamster. 
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AHSTRA('T 

The  removal  rate  of  intravenously  injeeted  cortisol  has  been  determined  in 
normal  and  “stressed”  dogs.  Normal  or  decreased  removal  rates  of  cortisol 
were  found  in  all  “stress”  conditions  investigated.  Mechanisms  other  than  in¬ 
creased  “utilization”  of  adrenal  steroids  might  therefore  be  responsible  for 
augmented  ACTH  secretion  in  conditions  of  “stress.”  Various  theories  which 
might  e.xplain  why  intravenously  given  cortisol  is  removed  more  slowly  in 
severely  “stressed”  dogs  are  discussed. 

A  CENTRAL  point  in  the  physiology  of  the  adrenal  cortex  is  its  function 
(luring  conditions  of  “stressful”  nature.  It  appears  from  the  literature 
that  many  .such  conditions  are  associated  with  an  increase  in  plasma 
levels  of  17-hydroxycorticosteroids  (17-OHC8)  (1,  2).  Little  is  known,  how¬ 
ever,  concerning  the  immediate  cau.ses  of  increa.ses.  It  has  been  postulated 
(3)  that  during  “stress,”  the  metabolism  or  “utilization”  of  adrenal  ster¬ 
oids  may  be  increa.sed.  Since  this  would  result  in  a  reduction  of  the  concen¬ 
tration  of  adrenal  .steroids  in  the  blood,  this  might  constitute  a  stimulus  for 
increa.sed  secretion  of  ACTH  by  the  anterior  pituitary  gland.  If  this  theory 
were  correct,  one  would  expect  that  corti.sol  given  intravenously  to  pre¬ 
dominantly  cortisol-producing  species  (4)  would  be  removed  at  an  accel¬ 
erated  rate  when  the  animal  was  expo.sed  to  “stressful”  environments. 

This  work  deals  with  the  removal  rates  of  corti.sol  in  dogs  expo.sed  to  dif¬ 
ferent  changes  in  b(xly  conditions. 

EXPERIMENTAL 

Mongrel  dogs  of  both  sexes  were  used.  The  animals  were  obtained  from  the  Salt 
bake  City  dog  pound  and  kejjt  in  the  University  dog  kennels  for  4-5  days  prior  to 
experimentation.  Only  one  experiment  was  eondueted  on  each  dog  and  all  were  com¬ 
menced  between  8  and  9  a.m. 

Five  different  conditions  were  used: 

A.  Removal  of  30  ml.  blood  five  times  over  a  4-  to  6-hour  interval  in  unanesthetized 
dogs  previously  accustomed  to  v’enesection  by  repeated  withdrawals  over  a  period  of 
four  to  six  months. 

B.  Intravenous  administration  of  35  mg.  sodium  pentobarbital  per  kg.  body  weight 
Received  for  publication  December  9,  1957. 

‘  This  work  was  supported  in  part  by  research  grants  from  the  Baxter  Laboratories, 
Morton  Grove,  Illinois  and  from  the  National  Institutes  of  Health,  Bethesda,  Maryland. 
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and  cannulation  of  the  femoral  artery  (5).  A  30  ml.  blood  sample  was  withdrawn  from 
these  animals  five  times  over  a  4-  to  6-hour  interval. 

C.  -Vfter  anesthesia  and  cannulation,  the  animal  was  placed  in  a  walk-in  cold  room 
with  a  floor  temperature  of  about  -|-5°  C’.  Removal  of  blood  was  done  as  in  B. 

I).  After  anesthesia  and  cannulation,  the  animal  was  e.xposed  to  an  oscillating  hot 
lamp.  Skin  burns  were  prevented  by  wrapping  the  animal  in  cheese  cloth.  Removal  of 
blood  was  done  as  in  B. 

E.  .\fter  cannulation  and  anesthesia,  the  animal  was  given  207  of  bacterial  polj-- 
saccharide  (Piromen)  per  kg.  body  weight  intravenously.  Removal  of  blood  was  done 
as  in  B. 

In  the  conscious  control  dogs  the  first  blood  samples  were  withdrawn  10-15  minutes 
after  the  animals  had  been  taken  to  the  laboratory.  Throughout  the  experiments  they 
were  kept  caged  in  the  intervals  between  the  drawing  of  blood. 

Plasma  17-OHCS  were  determined  by  the  method  of  Nelson  and  Samuels  (6).  The 
metabolism  of  cortisol  was  investigated  bj'  giving  1  mg.  per  kg.  body  weight  intrave- 
nouslv  dissolved  in  5%  ethanol-95%  isotonic  saline.  Blood  samples  were  obtained  from 
the  animals  1,  2,  3  and  4  hours  following  cortisol  administration. 

Rectal  temperature  was  measured  by  a  Foxboro  automatic  temperature  recorder. 

The  following  drugs  were  administered  intravenouslj':  sodium  pentobarbital  (.Vbbott 
lot  No.  3778),  cortisol  (Upjohn  lot  No.  2582-.\RH-64),  and  bacterial  mucopolysac¬ 
charide  (Piromen,  Baxter  lot  No.  L  10). 

RESULTS 

All  the  “.stress”  conditions  tried  were  associated  with  an  increase  in 
plasma  17-OHC8  levels  except  where  normal  dogs  were  expo.sed  only  to  the 
“stress”  of  frequent  removal  of  blood  (Table  1).  The  change  in  dogs  with 
low  body  temperature  (Condition  C)  was  not  as  great  as  in  animals  with 
high  body  temperature  (Condition  D,  Table  1  and  Fig.  1).  The  mortality 
rate  was  high  among  animals  in  “stress”  categories  C  and  E.  No  animal 
was  able  to  survive  “stress”  condition  C  for  more  than  10-12  hours  and 


Table  1.  Mean 

PLASMA  LEVELS  OF 

“stress’ 

17-OHUS  l.N  D()<i.S  EXPOSED  TO 
’  CONDITIONS 

VARIOIS 

NumlxT 

of 

animals 

17-()HCS  Mg. 

, /lOO  ml.  plasma 

Uoiulitioii 

Hours  after  stress 

0. 1-0.2 

2 

4 

(i 

A 

11 

4 

(2-7)  * 

3 

(1-5) 

2 

(1-3) 

2 

(1-3) 

B 

15 

5 

(2-12) 

8 

(4-12) 

10 

(4-16) 

12 

(9-1.5) 

C 

6 

5 

(3-6) 

8 

(4-11) 

8 

(7-13) 

9 

(7-13) 

1) 

11) 

6 

(3-8) 

21 

(14-29) 

21 

(9-32) 

20 

(10-30) 

E 

13 

6 

(3-10) 

20 

(12-32) 

24 

(14-35) 

25 

(1.5-39) 

*  Range. 
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StrtM  C. 


3  4  5  6 

HOURS  AFTER  STRESS 

Fjg.  1.  AvcraKt'  rectal  temperature  in 
(logs  subjected  to  different  forms  of 
“stress.” 

3(>%  of  the  animals  subjected  to  '‘stress”  eoudition  E  died.  Maximal  death 
rate  was  ob.served  12-24  hours  after  the  administration  of  the  poly.sae- 
eharide.  No  death  oeeurred  in  conditions  A  and  B.  All  dogs  exposed  to 
stress  condition  C  had  a  very  slow  flow  of  blood  through  the  cannula  placed 
in  the  femoral  artery. 

Between  2  and  4  hours  after  anesthesia,  cortisol  was  given  intravenously 
to  groups  B-E  (Table  2).  Nine  of  the  animals  in  group  B  received  cortisol 
as  soon  as  the  operative  procedure  was  completed,  but  since  no  significant 
difference  between  these  and  the  group  injected  later  was  ob.served  the 
data  have  been  pooled.  Considerable  spread  in  plasma  levels  of  17-OHCS 
was  .seen.  If  the  logarithms  of  the  average  plasma  T7-()HCS  concentrations 
after  cortisol  administration  are  plotted  against  time  after  admini.stration, 
the  points  fit  a  straight  line  in  conditions  A  and  B  (Fig.  2).  This  was  not 
true  for  conditions  C,  D  and  E. 

mscrssiox 

Cnder  the  conditions  studied,  it  appears  that  in  the  trained  normal  dog 
the  removal  of  30  ml.  blood  every  .second  hour  for  (i  hours  ((’ondition  A) 
did  not  affect  plasma  17-()1ICS  levels.  This  mo.st  certainly  is  an  unpleasant 
experience  for  the  animals  since  the  majority  reacted  to  the  needle  punc 
ture.  Whether  or  not  the  condition  qualifies  as  a  “stress”  is  not  for  us  to  de¬ 
cide,  .since  the  term  “stre.ss”  remains  as  a  rather  loose  biological  definition. 


Fig.  2.  .Vvc'ragc  plasma  17-()H('S 
lev(*ls  folbjwing  the  intravenous  admini.s¬ 
tration  of  1  mg.  cortisol  kg.  in  dogs  sub- 
jeetc'd  to  various  forms  of  “stress.”  The 
average  plasma  17-()HCS  levels  are  plotted 
logarithmically  against  time  following 
cortisol  injection. 
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Since  tlie  experiments  were  started  between  8  and  9  a.m.,  the  fall  in 
plasma  17-()IICS  in  conditio!i  A  could  reflect  a  diurnal  variation  of  these 
steroids.  High  plasma  concentrations  of  17-OHCS  in  the  morning,  falling 
off  over  the  late  morning  and  early  afternoon  hours  have  been  observed  in 
man  (7).  These  data  indicate  that  this  is  also  the  case  in  the  dog;  the 
diurnal  fluctuation  of  plasma  17-()HCS  is  of  much  smaller  magnitude  than 
in  man,  but  similar  in  proportion  to  concentration. 

By  different  and  indirect  techniques  for  the  measurement  of  adrenocorti¬ 
cal  function,  the  “stress”  of  heat  (8),  the  “stress”  of  cold  (9),  the  “stress” 
of  operative  trauma  (1)  and  the  “stress”  associated  with  the  administra¬ 
tion  of  pyrogens  (10)  has  been  said  to  be  connected  with  hypercorticism 


TaKI.K  2.  .MeaX  I’I.ASMA  EEVEI.S  ok  17-()HCS  KOI.LO\VI\(i  the  ixtkavexous  admixistkation 
OK  1  MC.  COKTISOE/Kfi.  IX  DOOS  SrH.IECTEIJ  TO  VARIOI  S  KORMS  OK  “sTRESS” 


Condi¬ 

tion 

Number 

of 

iiniinal.s 

Ueetal 
temp, 
before  F 
°  C 

17-()HCS 
before'  F 

7  100  ml. 

1 7-< )UCS,  /ug. 

Hour.'i  i 

1  2 

'  100  ml.  phi 

lifter  F 

3 

isma 

4 

A 

U) 

3 

30 

14 

7 

4 

(2-4)* 

(20-35) 

(10-17) 

(4-10) 

(2-0) 

li 

14 

37 .() 

7 

40 

30 

20 

12 

(37-3S.ti) 

(3-11) 

(33-05) 

(21-34  ) 

(14-34) 

(0-22) 

C 

o 

32.7 

12 

S3 

53 

40 

40 

(32-34) 

(0-1.7) 

(03-123) 

(38  02) 

(30-50) 

(37-50) 

I) 

40.2 

24 

74 

43 

30 

32 

(3!).0-40.0) 

(10-28) 

(40  80) 

(10-78) 

(20-78) 

(15-57) 

!•: 

(> 

40 . 5 

2b 

00 

07 

00 

45 

(40-41.3) 

(14-3!)) 

(75  117) 

(57-83) 

(50-85) 

(30-54) 

*  Range. 


in  differeTit  animals.  Using  circulating  levels  of  17-()1I('S  these  findings 
have  been  substantiated  in  the  present  investigation. 

The  “.stress”  response  of  anesthetized  animals  expo.sed  to  cold  is  slight 
compared  to  the  other  “stress”  responses  seen.  This  has  been  reported  in¬ 
dependently  from  two  laboratories  (11,  12).  Further,  it  ha.*?  been  found 
that  the  plasma  17-OHCS  levels  of  anesthetized  animals  with  low  rectal 
temperatures  do  not  iticrease  following  ACTH  injection  (12)  whereas  those 
of  anesthetized  dogs  with  normal  rectal  temperatures  will  (o).  The  data 
suggest  that  when  body  temperature  is  lowered,  the  rate  of  synthesis  and 
release  of  steroids  by  the  adrenal  gland,  like  other  chemical  reactions,  is 
reduced.  If  so,  A(’TH  may  be  secreted  at  an  iiicreased  rate  during  this 
form  of  “stress”  but  the  adrenocortical  cells  are  rendered  refractory  to 
ACTH  action. 

Very  early  following  anesthesia  and  cannulation  increased  adrenocorti¬ 
cal  activity  is  apparent.  Within  the  first  15  minutes  the  mean  levels  of  17- 
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OHCS  are  higher  than  those  of  the  controls  in  all  the  groups  exposed  to 
these  procedures.  This  “stress”  response  timewise  is  in  good  agreement 
with  the  data  of  Sayers  and  Burks  (13)  covering  ACTH  levels  in  rat 
plasma  following  ether  anesthesia. 

“Stress”  conditions  B-E  did  not  accelerate  the  removal  rate  of  intrave¬ 
nously  given  cortisol;  it  was  either  normal  or  decreased.  The  decay  rates  of 
cortisol  in  the  severe  “stress”  conditions  associated  with  a  high  mortality 
rate  are  similar  to  those  found  in  the  dying  human  subject  (14).  In  the 
severely  “stressed”  dog,  therefore,  one  may  be  dealing  with  the  same 
parameters  of  cortisol  metabolism  as  seen  in  the  dying  man.  In  the  latter 
case  it  was  clearly  demonstrated  that  tetrahydrocortisone  was  removed 
at  the  same  rate  as  in  healthy  subjects.  The  first  reduction  reaction  ap¬ 
peared  to  be  the  rate  limiting  step  in  the  metabolism  of  cortisol  in  man 
do).  That  such  a  reaction  is  taking  place  in  the  dog’s  liver  is  evident  from 
the  work  of  Axelrod  and  Miller  who  isolated  and  identified  saturated 
3-hydroxylated  compounds  following  hepatic  infusion  of  cortisol  in  the 
dog  (16).  Impairment  of  liver  function  has  been  seen  following  the  admin¬ 
istration  of  pyrogens  with  the  subsequent  development  of  fever  (17),  and 
decreased  liver  capacity  during  the  “.stress”  of  surgical  operation  has  been 
ob.served  in  man  (18).  The  present  data  indicating  a  change  in  cortisol 
metabolism  in  life-threatening  “stress”  conditions  are  probably,  therefore, 
a  reflection  of  reduced  hepatic  activity. 

A  slow  flow  of  arterial  blood  was  .seen  in  all  animals  having  low  body 
temperatures.  Deceleration  in  arterial  blood  flow  in  this  condition  may  also 
have  affected  the  blood  flow  through  the  liver.  If  so,  this  could  in  part  ex¬ 
plain  why  dogs  with  low  body  temperature  metabolize  intravenou.sly 
giv’en  cortisol  more  slowly  than  the  normal  animal.  Englert  et  al.  (19)  have 
recently  demonstrated  that  the  blood  flow  through  the  liv’er  enters  into  the 
picture  of  cortisol  metabolism  in  the  dog  since  animals  with  a  dev’ascular- 
ized  liver  by  surgical  means  exhibited  a  significantly  greater  half  life  of 
intravenously  given  cortisol  than  normal  animals  or  dogs  with  increased 
hepatic  blood  flow.  On  the  other  hand,  the  low  body  temperatures  in  the 
cold  “stressed”  animals  may  be  too  low  to  be  optimal  for  the  function  of 
the  hepatic  enzymes  inv’olved  in  the  reduction  of  cortisol.  Hence,  both  the 
function  of  the  liv’er  cells  and  the  flow  of  blood  through  the  liver  are  de¬ 
termining  factors  in  cortisol  metabolism  in  the  dog. 

Finally,  the  difference  in  the  removal  rate  of  cortisol  between  normal 
dogs  and  “stres.sed”  dogs  may  be  due  to  an  increased  ability  of  the  periph¬ 
eral  plasma  of  the  latter  to  combine  loosely  with  cortisol.  Several  groups 
of  workers  (20,  21,  22)  have  ob.served  that  cortisol  may  combine  with  cer¬ 
tain  plasma  proteins,  lipoproteins  or  glucoproteins.  The  nature  of  such  a 
combination  may  involve  weak  forces  and  may  be  of  the  same  character 
as  described  by  Eik-Nes  ef  al.  (20).  It  is  interesting  in  this  respect  to  note 
that  Chanutin  and  Gjessing  (23)  found  a  fall  in  serum  albumin  and  an  in- 
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crease  in  a  serum  a-globiilin  in  dogs  subjected  to  unspecific  “stress.” 
Further  work  by  this  group  (24)  showed  that  this  substance,  found  oidy  in 
“stressed”  dogs,  was  rich  in  lipids.  Whether  such  a  protein  functions  in 
vivo  as  a  carrier  of  adrenal  steroids  is  not  known.  This  possibility  warrants 
further  investigation,  however. 

Our  observation  of  either  a  normal  or  a  decreased  cortisol  removal  rate 
in  “stress”  conditions  seems  to  agree  with  current  data  on  this  topic.  Done 
and  Kelley  (25)  report  a  normal  or  decelerated  rate  of  cortisol  metabolism 
in  subjects  .suffering  from  different  diseases.  Ulrich  and  Long  (26)  conclude 
from  their  experiments  with  cortisoM-C'"*  injections  in  “stressed”  rats 
that  the  concept  of  increased  peripheral  “utilization”  of  adrenocortical 
hormones  during  “stress”  was  not  prov'ed.  Firschein  cl  al.  (27)  ob.served 
that  cortisol-4-C’^  is  metabolized  at  a  slower  rate  in  shocked  rats  than  in 
normal  control  animals.  Normal  or  decreased  metabolism  of  intravenously 
given  cortisol  has  recently  been  ob.served  in  man  following  the  “stre.ss” 
of  a  surgical  operation  (28). 

In  view  of  the  experimental  findings  one  should  look  for  factors  other 
than  increased  “utilization”  of  adrenal  steroids  initiating,  and  probably 
maintaining,  an  increased  .secretion  of  ACTH  in  conditions  of  “stress.” 
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SYNERGISM  OF  ESTROGEN  AND  PROGESTERONE  ON 
IMAMMARY  GLAND  GROWTH  IN  GUINEA  PIGS' 

THOMAS  C.  SMITH  axd  BRITTA  RICHTERICH 

!)( fmrttmnt  of  Phnroiarologif  and  Kxpcrimrntnl  Thernpeidirs,  Boston  I'nivcrsitij 
School  of  Medicine,  Boston,  Massachusetts 

AliSTUAC'T 

(luiiica  pigs  were  ti(“at(‘(l  for  varyiiiK  jjcriods  of  time  with  a  raiiKo  of  doses 
of  (‘stra<lioI  benzoate  and  or  progc'sterone.  Tyi)ieally,  tlie  steroids  were  in- 
j<‘eted  subcutaneously  in  se])arate  sites  three  times  a  week  for  four  or  eight 
weeks.  (Irowth  was  ass*‘ssed  liistologically  in  all  experiments.  In  animals  given 
combinations  of  estrogem  and  progestt'rone,  measurements  of  nucleic  acids, 
total  nitrogen,  per  cent  dry  and  defatted-dry  weight,  and  slice  respiration  of 
mammary  tissue  sui)ph‘mented  the  histological  aj)proach. 

The  amount  of  lobulo-alveolar  growth  attained  with  estrogen  alone  <1(“- 
jM'iided  upon  both  the  dosage  ami  length  of  treatment.  Cdands  from  males 
showed  le.ss  growth  aft(‘i'  estrogen  than  those  from  females,  while  those  from 
intact  females  were  larger  than  those  from  castrated  females.  No  dose  of 
estrogen  was  found  which  elicitt'd  ductal  jiroliferation  without  at  the  same  time 
causing  some  lobular  growth,  but  the  dose  was  limited  so  that  the  synergistic 
action  of  ])rogesteron('  could  be  demonstrated.  Progesterone  alone  induced  no 
growth,  but  wlum  added  to  the  estrogen  treatments,  enhaneed  lobulo-alveolar 
growth.  .Vugmentation  of  i)arenchymal  growth  was  i)aralleled  by  inerea.ses  in 
j)<‘rcentag<>  dry  weight,  and  especially  percentage  defatted-dry  weight  of  the 
organ.  Total  mammary  weight  proved  an  inaccurate  imlex  of  hormonal 
stimulation. 

(Combinations  of  estrogen  and  i)roge.sterone  brought  about  growth  of 
mammary  glands  with  greater  concentrations  of  DX.V  and  IIN.V,  increa.sed 
respiration,  and  slightly  greater  concentrations  of  total  nitrogen  than  obtained 
with  estrogen  alone.  The  concentration  of  these  constituents  and  respiratory 
activity  was  also  dependent  upon  the  doses  of  the  hormones.  Mammary 
glands  developed  experimentally  showed  lower  concentrations  of  nucleic  acids 
and  less  re.spiratory  activity  than  those  of  late  pregnancy.  The  results  are  be¬ 
lieved  to  show  that  progesterone  synergizes  with  estrogim  in  eliciting  lobulo- 
alveolar  growth  of  the  mammary  glands  in  guinea  pigs  in  a  manner  similar 
to  that  established  for  other  species,  in  spite  of  earlier  negative  rej)orts. 

The  guinea  pig  ha.s  been  reported  to  be  one  of  those  species  whose 
mammal y  glands  re.spond  to  estrogen  witli  complete  growth  of  both 
tlie  lobulo-alveolar  and  ductal  components  (1,  2).  Proge.sterone  lias,  tliere- 
fore,  been  con.sidered  relatively  unimportant  in  the  experimental  induc¬ 
tion  of  mammary  growth  in  this  .species.  This  impres.sion  has  been  ba.sed 
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mostly  upon  earl.v  exploratory  studies  (3,  4).  Even  so,  perusal  of  these  re¬ 
ports  shows  that  evidence  of  a  role  for  progesterone  was  at  hand,  being 
equivocal  in  some  cases  and  overlooked  in  others.  It  therefore  appeared 
worthwhile  reinvestigating  the  problem  of  the  relative  importance  of 
estrogen  and  progesterone  in  mammary  growth  in  the  guinea  pig,  on  the 
presumption  that  the  interaction  of  the  two  hormones  upon  the  mammary 
gland,  as  shown  in  histological  studies  on  the  mouse  (5),  rabbit  (6,  7)  and 
rat  (8),  would  also  apply  to  tl>e  guinea  pig. 

The  results  presented  here  in  detail  have  been  reported  in  a  preliminary 
note  fO).  The  type  of  growth  attained  in  our  experiments  was  closely 
related  to  the  nature  of  the  hormonal  stimulation;  that  elicited  by  a  com¬ 
bination  of  estrogen  and  progesterone  mo.st  closely  approximating  that 
achieved  during  late  pregnancy  in  this  species.  Growth  of  the  gland  has 
been  assessed  in  these  .studies  both  histologically  and  biochemically.  Two 
biochemical  criteria,  the  content  of  nucleic  acids  and  nitrogen,  and  the 
oxidative  activity  were  selected,  and  compari.sons  were  made  with  values 
previouslv  reported  for  the  gland  of  the  pregnant  or  lactating  guinea  pig 
(10). 


MATERr.\LS  AM)  METHODS 

All  guinea  pigs  wore  fed  nd  libitum  a  diet  of  Ralston-Purina  ehow  eheekers,  sui)pl(‘- 
inented  with  eahhage.  Hurgieal  operations  were  eondueted  with  clean,  hut  not  aseptic 
teehnicpie.  All  hormones  were  administered  three  times  a  week  hy  subcutaneous  injec¬ 
tion  in  0.1  ml.  sesame  oil,  control  animals  receiving  an  equal  volume  of  the  vehicle.^  .\t 
auto|)sy,  two  to  three  days  after  the  last  injection,  the  animals  wen*  stunned  and  ex¬ 
sanguinated  and  the  mammary  glands  rapidly  removed  to  either  the  fixative  or  ice-cold 
Kreh’s  Ringer-phosphate  (ef.  11). 

(Hands  were  removed  in  toto  to  Bonin’s  fixative  in  the  first  experiments.  After  the 
fixative  was  extracted  from  the  gland  with  alkaline  70%  ethanol,  the  gland  was  trimmed 
of  adhering  fat  and  connective  tissue  in  order  to  visualize  its  general  outline.  From  a 
thick  cross-section  taken  in  the  middle  of  the  gland,  S;i  sections  were  prepared,  following 
the  plane  of  the  eros.s-section  in  cutting,  and  stained  with  hematoxylin  and  eosin. 

For  the  histochemical  studies,  the  whole  trimmed  glands  were  weighed,  pieces  were 
fixed  in  neutral  buffered  formalin,  i)rocessed,  and  stained  with  the  McManus-Hotchkiss 
method  (cf.  12).  The  growth  of  ducts,  buds,  and  alveoli,  the  amount  of  stroma,  and  the 
secret»)ry  activity  were  rated  from  the  histological  sections.  The  remaining  tissue  was 
usetl  for  the  preparation  of  slices  with  the  Stadie-Riggs  microtome  and  homogenates 
with  a  conical  ground-glass  homogenizer,  according  to  the  procedure  previously  described 
(10).  The  respiration  of  slices  suspended  in  Ringer,  phosphate,  pH  7.4,  without  substrate 
or  with  succinate,  20  inM/L.,  was  measured  in  air  at  37.5°  C,  for  one  hour  with  a  War¬ 
burg  respirometer.  Respiration  was  calculated  as  juL  O2  uptake  per  hour  per  mg.  fresh, 
dry,  or  defatted-dry  weight  or  total  nitrogen  (TN),  deoxynucleic  acid  (DNA),  or  ribo¬ 
nucleic  acid  (RNA). 

Homogenates  were  analyzed  for  total  nitrogen  (TN)  after  digestion  in  18N  H2SO4 
for  45  minutes,  treatment  with  superoxol,  followed  by  Nesslerization  and  reading  in  a 

*  We  wish  to  thank  Ciba  Pharmaceutical  Products,  Inc.  for  the  estradiol  benzoate 
and  the  Schering  Cori)oration  for  the  progesterone  used  in  these  studies. 
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Klett  colorimeter  with  a  #44  filter.  Comparisons  were  made  with  eolors  developed  with 
standard  solutions  of  (XH4)2S04  (range,  50-250  mg.  nitrogen).  X'ueleic  acids  were 
determined,  using  the  trichloracetic  acifl  fractionation  (»f  Schneiiler  (13),  and  the 
coloriiiM'tric  reactions  of  diphenylamine  for  desoxyribose  (14)  and  of  orcinol  for  ribose 
(15).  All  values  were  referred  to  simultaneously-run  standard  solutions  of  fish  sperm 
desoxyribonucleic  acid  (DX’^.X)  and  yeast  ribonucleic  acid  (RX'.\).  The  concentrations 
of  these  constituents  were  expressed  as  /ig.  per  mg.  fresh,  dry,  or  defatted-diw  weight. 
Dry  weight  and  defatted-dry-weight  were  obtained  on  both  slices  and  homogenates 
by  methods  described  in  an  earlier  paper  (10). 

rwenty-eight  male  guinea  pigs  were  treate<l  for  two  or  four  weeks  in  a  |)reliminaiy 
experiment  with  0.25  to  10  /xg.  estradiol  benzoate  per  injectitm  three  tinu's  a  week.  The 
results  showed  that  two  weeks  was  insufheient  time  to  stimulate  mueh  tissue  growth 
n*gardless  of  dose.  Less  than  2.0  /xg.  per  injection  for  four  weeks  produced  ductal  stimu¬ 
lation  with  limited  lobulation.  In  a  further  experiment,  24  males  and  24  nulliparous 
females  were  injected  with  0.25  to  4.0  /xg.  per  injection  three  times  a  week,  half  of  both 
sexes  having  becm  castrated  several  weeks  prior  to  treatment.  These  experiments  indi¬ 
cated  the  best  range  of  estrogen  doses  for  future  experiments.  They  further  showed 
that,  not  only  was  the  mammary  gland  of  males  much  less  responsive  to  these  tloses  of 
estrogen,  but  also  that  the  j)resence  of  the  ovary  in  the  female  n'sulted  in  greath'  en¬ 
hanced  glandular  thickness  and  lobulation. 

RESULTS 

Female  guinea  pigs  were  bilaterally  ovariectomized  at  least  one  month 
prior  to  the  initiation  of  treatment.  Two  dozen  were  injected  with  0.25 
to  1.0  Mg-  estradiol  benzoate  and  0. 5-5.0  mg.  progesterone,  alone,  and  in 
combination,  three  times  a  week  for  eight  weeks,  and  another  group  treated 
similarly  for  only  four  weeks.  Since  the  number  of  animals  on  any  one 
dose  combination  was  small,  the  results  hav’e  been  grouped  into  dosage 
classes  to  simplify  presentation. 

Estrogen  alone,  given  for  either  four  or  eight  weeks,  induced  the  forma¬ 
tion  of  lobules  as  well  as  branching  and  proliferation  of  ducts.  The  density 
and  size  of  lobular  elements  was  directly  related  to  the  dose  of  estrogen 
(Figs.  1-3).  Progesterone  alone  induced  no  growth.  The  addition  of 
progesterone  to  estrogen  treatment,  however,  resulted  in  greatly  enhanced 
lobulo-alveolar  growth,  comparable  to  that  of  late  pregnancy  (Figs.  4-t)). 
The  amount  of  secretory  material  in  the  lumina  of  ducts  and  alveoli  was 
also  more  pronounced  in  the  mammary  glands  of  guinea  pigs  receiving 
the  higher  doses  of  estrogen  and  progesterone  than  in  those  receiving  any 
dose  of  estrogen  alone.  Augmentation  of  lobulo-alveolar  growth  was  most 
marked  in  animals  receiving  either  48  or  120  mg.  progesterone  (total  dose), 
but  was  detectable  when  compared  to  any  dose  of  estrogen  alone. 

Total  relative  mammary  weight  was  an  inadequate  measure  of  mammary 
growth,  due  in  part  of  the  difficulties  in  delineating  the  glandular  material 
from  .surrounding  tissue.  Percentage  dry  weight,  and  especially  percentage 
defatted-dry  weight,  while  greater  in  glands  from  animals  treated  with 
estrogen  than  with  progesterone,  was  greatest  with  those  from  animals 
given  both  hormones  together  (Table  1).  Dry  and  defatted-dry  weight 
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FIG.  2 


Figs.  1-3.  Mammary  glands  of  ovariectomized  guinea  pigs  treated  with  estrogen 
three  times  a  week  for  eight  weeks,  showing  graded  effect  of  dosage  on  density  and  size 
of  lobules.  Total  dose  of  estradiol  benzoate:  Fig.  1,  6  /ig.;  Fig.  2,  12  /ig.;  Fig.  3,  24  /ig. 
X12S. 
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Table  1.  Relative  weight  and  per  cent  dry  and  defatted-dry  weight  of 

MAMMARY  GLANDS  AFTER  VARIOL'S  HORMONAL  TREATMENTS 


(iroup 

Mam. 

gland  i 

B  “'.It  X""’ 

Per  cent  dry 
weight 

„  1 

Per  cent 
defatted-dry 
weight  1 

Number  of 
animals 

Estrogen 

Per  cent  difference 

o.26±o.o:i 

28 

15.8±2.4 
!  '^5 

4. 8  ±1.0 

47 

6 

Estrogen  and  progesterone 

0.82+0.05 

1  19.1  ±1.8 

6.8  ±0.9 

15 

Ovariectomized  Kuinea  pi(;s  injected  three  times  a  week  for  eight  weeks  with  total  dose 
of  6-24  Mg  estradiol  benzoate  and  or  12-120  mg.  progesterone  (see  text  for  further  details). 


Standard  Error = 


2(A')*- 


(2A')» 


«(«-!) 


also  showed  increments  with  increase  in  dose  of  estrogen  (data  not  shown). 
On  the  other  hand,  with  any  constant  dose  of  estrogen,  increasing  the  dose 
of  progesterone  did  not  lead  to  any  change  in  the  weight  properties  of  the 
organ.  Since  progesterone  alone  had  little  effect  on  eliciting  growth,  suffi¬ 
cient  material  was  not  available  from  such  animals  to  obtain  reliable  data 
on  tissue  composition. 

Combinations  of  estrogen  and  progesterone  bring  about  growth  of  mam¬ 
mary  glands  with  strikingly  greater  concentrations  of  both  deoxynucleic 
acid  (DXA)  and  ribonucleic  acid  (RNA),  but  only  slightly  greater  con¬ 
centrations  of  total  nitrogen  (TN)  than  those  of  guinea  pigs  treated  with 
estrogen  alone  (Table  2),  whether  the  data  are  calculated  on  the  basis  of 
defatted-dry  weight,  dry  weight,  or  fresh  weight.  Both  the  endogenous 
and  the  succinate-stimulated  respiration  of  glands  from  guinea  pigs  treated 
with  combinations  of  estrogen  and  progesterone  is  greater  than  that  from 
guinea  pigs  treated  with  estrogen  alone,  when  expressed  on  the  basis  of  fresh 
weight  (Table  3).  This  increment  merely  keeps  pace  with  the  increase  in 
parenchymal  mass,  since  the  differences  are  minimal  when  the  results  are 
related  to  either  defatted-dry  weight  or  nucleic  acid  content.  On  the  other 
hand,  re.spiratory  activity  of  glands  from  estrogen-treated  animals  was 
greater  than  that  of  progesterone-treated  animals  when  calculated  on  both 
a  fresh  weight  and  DNA  l)a.sis. 


Table  2.  Xccleic  acids  and  total  nitrogen  after  various 

HORMONAL  TREATMENTS 


(irouj) 

Concentration,  Mg  /nig.  DDW 

Number  of 

I)\.\ 

R\.\  1 

TX 

animals 

Estrogen 

Per  cent  difference 

68.2 ±  5.7 
105 

8.6±2.9 

154 

118. 8±  9.5 
15 

6 

Estrogen  and  progesterone 

118.2±14.9 

17.8±1.8 

180.8  ±12.1 

15 

Ovariei-tomized  guinea  pigs  injected  three  times  a  week  for  eight  weeks  with  total  dose 
of  6-24  fig.  estradiol  benzoate  and/or  12-120  mg.  progesterone  (see  text  for  further  details). 
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Table  3.  Mammary  oi-and  respiration  after  various  hormonal  treatments 


CJroup 

Endogenous  Qo, 
FVV 

Sueeinate  Qo, 

FVV 

Number  of  animals 

Progesterone 

1  0.0,5 

0.13 

4 

Estrogen 

Per  eent  differenee 

!  0.10+0.02 
i  140 

;  0.23+0.03 

1  87 

6 

Estrogen  and  progesterone 

0.24+0.02 

0.43+0.03 

16 

Ovariectomized  guinea  pigs  injeeted  three  times  a  week  for  eight  weeks  with  total  dose 
of  6-24  Mg-  estradiol  benzoate  and/or  12-120  mg.  progesterone  (see  text  for  further  details). 


An  indication  of  enhanced  mammary  response  to  increments  in  the 
dosage  of  hormones  was  seen,  although  there  were  few  animals  per  close 
combination.  With  estrogen  alone,  elevation  of  dose  led  to  greater  concen¬ 
trations  of  both  nucleic  acids  and  total  nitrogen,  and  in  both  endogenous 
and  succinate-stimulated  respiration  per  milligram  fresh  weight.  Similarly, 
on  a  constant  dose  of  estrogen,  increase  in  progesterone  do.se  also  brought 
about  increments  in  these  constituents.  In  this  regard  it  appeared  that  48 
mg.  progesterone  excreted  a  maximal  effect  with  6-12  ng,.  estrogen,  while 
120  mg.  progesterone  showed  its  greatest  action  with  24  ng.  estrogen. 

When  the  weight  and  biochemical  properties  of  the  experimentally-in¬ 
duced  glands  were  compared  to  tho.se  previously  determined  for  the  guinea 
pig  during  late  pregnancy,  absolute  and  relative  mammary  weight,  per 
cent  dry  weight,  and  nitrogen  concentration  are  similar.  Desoxynucleic 
acid  and  endogenous  respiration  does  not,  however,  approach  that  of  the 
glands  of  the  gravid  guinea  pig.  These  inadequacies  might  have  been  due 
to  either  a  missing  hormonal  principle  or  improper  dosage.  Addition  of 
testosterone,  1  mg.  per  injection,  to  treatment  with  either  estrogen  alone 
or  a  combination  of  estrogen  and  progesterone  for  eight  weeks  does  not 
augment,  but  antagonizes  the  actions  of  the  female  steroids  in  nearly  all 
re.spects.  Doubling  the  frequency  of  injections  of  the  highe.st  doses  of 
estrogen  and  progesterone  re.sulted  in  greater  relative  mammary  weight, 
per  cent  dry  weight,  and  DNA  content  after  four  weeks.  After  eight  weeks, 
there  was  a  .slightly  greater  mammary  weight  and  definite  increments  in 
per  cent  defatted-dry  weight,  concentration  of  nucleic  acids  and  nitrogen 
per  mg.  fresh  or  dry  weight,  and  in  endogenous  re.spiration.  Nonetheless, 
DNA  content  and  respiration  remained  less  than  in  glands  from  pregnant 
animals.  Doubling  the  length  of  treatment  from  four  to  eight  weeks  with 
0.25-1.0  Mg-  estrogen  and  5  mg.  progesterone  per  injection  brought  about  an 
increase  in  only  the  total  and  relative  mammary  w'eight. 

DISCUSSION 

The  relative  ease  with  which  lobuli  may  be  induced  to  grow  with  estrogen 
in  the  guinea  pig  is  a  (pialitativ’e  .species  difference,  since  consi.stent  and 
normal  growth  of  these  structures  does  not  ensue  in  the  rat  (8)  or  mou.se 
(5)  even  when  very  high  do.ses  of  estrogen  are  given.  A  dose  or  range  of 
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(loses  for  estradiol  benzoate  cannot  be  stated  from  tlie  present  experi¬ 
ments  because  the  effects  of  the  estrogen  were  purposely  limited  to  facili¬ 
tate  demonstration  of  a  role  for  progesterone.  Unresolved  discrepancies 
still  exist  in  the  literature  regarding  the  relative  potencies  of  two  other 
estrogens,  estrone  and  diethylstilbestrol,  in  stimulating  teat  and  mammary 
growtli  in  this  species  (3,  lb,  17).  Increase  in  teat  length  was,  in  fact,  the 
first  end-point  used  in  an  attempt  to  demonstrate  a  dose-respon.se  effect 
with  estrone  (3).  At  al)out  the  .same  time,  growth  of  the  teat  and  of  the 
mammary  gland  were  also  reported  to  be  correlated  (18).  Finally,  the 
(piality,  as  well  as  the  extent  of  growth,  is  markedly  dependent  upon  the 
do.se  of  estrogen  (16). 

Early  observations  on  mammary  changes  during  the  estrus  cycle  in 
guinea  pigs  indicated  that  in  pubertal,  nulliparous  animals,  there  was  a 
marked  .stimulation  of  the  duct  sy.stem  at  the  approach  of  estrus,  but  that 
during  the  luteal  phase,  regres.sion  occurred  (19,  20).  Alveoli  were  never 
seen  normally,  but  if  deciduomata  were  produced  4  to  8  days  after  ovula¬ 
tion,  the  .succeeding  ovulation  was  often  delayed  and  the  cycle  prolonged, 
leading  to  greater  mammary  proliferation  (21).  Hysterectomy  was  later 
found  to  bring  about  the  .same  .sequence  of  events,  resulting  in  even  greater 
.stimulation  of  mammary  growth  (22). 

These  experiments  .seem  to  indicate,  in  retrospect,  that  if  the  luteal 
pha.se  be  .sufficiently  prolonged,  progesterone  or  a  congener  might  exert  an 
effect.  Although  progesterone  alone  exerted  no  detectable  effect  in  the 
present  experiments,  very  small  amounts  synergized  with  estrogen  on 
mammary  lobulo-alveolar  growth.  The  minimal  daily  do.se  of  progesterone 
per  100  gm.  body  weight  neces.sary  for  lobulation  in  guinea  pigs  (15  ng.)  is 
far  le.s.s  than  that  required  in  rats  (2000  ng.;  8),  slightly  le.ss  than  that 
needed  in  mice  (33  ng.;  5)  and  about  the  same  as  that  reported  in  rabbits 
(1(U17  Mg.;  6). 

Earlier  reports  (3,  4)  of  the  inability  of  progesterone,  even  in  combina¬ 
tion  with  estrogen,  to  influence  mammary  growth  in  the  guinea  pig,  was 
likely  due  to  either  in.sufficient  progesterone  or  to  masking  with  exce.ss 
e.strogen.  In  a  recently  published  study,  however,  Benson,  ct  al.  (23)  have 
amassed  evidence  that  progesterone  shows  a  .synergistic  action  with 
estrogen  on  lobulation  on  the  guinea  pig.  The.se  authors  also  note  that 
complete  mammary  development  does  not  occur  with  estrogen  alone,  as 
previou.sly  reported  (3,  4),  although  considerable  growth  of  lobules  with 
normal  structure  was  obtained.  Some  of  this  work  has  also  appeared  in 
preliminary  reports  (24,  25). 

Mammary  glands  of  male  guinea  pigs,  while  re.sponding  (jualitatively 
the  same  as  those  of  castrated  females,  are  not  as  sensitive  to  the  lower 
doses  of  e.strogen.  Previous  suggestions  of  this  sex  difference  liave  been 
reported  (3,  17),  but  seem  to  have  been  overlooked.  It  may  be  that  endog¬ 
enous  androgen  contributes  to  this  decreased  responsiveness,  unless  the 
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estrogen  dose  is  sufficient  to  inhibit  gonadotropin  and  endogenous  andro¬ 
gen  production.  Certainly,  a  direct  antagonism  of  endogenous  androgen  to 
the  action  of  tlie  ov’arian  steroids  on  the  mammary  glands  is  probable, 
judging  from  the  inhibitory  effects  seen  in  the  present  experiments  with 
exogenous  testosterone. 

Little  previous  work  has  appeared  on  the  biochemical  properties  of 
hormone-stimulated  mammary  gland  of  the  guinea  pig,  although  a  study 
outlining  some  of  the  metabolic  properties  during  pregnancy  and  lactation 
has  been  reported  (10).  In  one  study  (26),  guinea  pigs  were  injected  with 
estrogen  and  progesterone  for  three  weeks.  The  mammary  glands  showed 
at  autopsy  succinoxidase  activity  and  coeneyzme  A  concentration  com¬ 
parable  to  that  of  the  pregnant  gland  (27),  but  further  treatment  with 
prolactin  or  growth  hormone  alone  or  in  combination  with  .\CTII  and 
dl-thyroxine  failed  to  increase  these  activities  to  levels  found  in  the  lacta- 
ting  gland.  The  do.se  of  estradiol,  250  mS-  daily,  was  sufficiently  high  to 
elicit  nearly  complete  ductal  and  alveolar  growth  by  itself,  making  the 
contribution  of  progesterone,  1.0  mg.  daily,  negligible.  In  our  experiments 
neither  the  oxidative  activity  nor  the  concentrations  of  deoxynucleic 
acid  of  the  hormonally-stimulated  glands  attained  that  of  glands  from 
pregnant  animals. 

Quantitatively,  nucleic  acid  concentrations  and  oxidative  metabolism 
appear  to  be  the  most  sensitive  biochemical  criteria  of  lobular  develop¬ 
ment.  Both  were  augmented  by  the  addition  of  progesterone  to  estrogen 
treatment,  providing  further  evidence  that  progesterone  synergizes  with 
estrogen  in  stimulating  proliferation  of  the  mammary  tissue  of  the  guinea 
pig.  In  this  regard,  the  mammary  glands  of  the  guinea  pig  respond  like 
those  of  the  mouse  (5),  rat  (8,  28)  and  rabbit  (6,  7,  29).  The  concept  of  the 
two  hormones  acting  concomitantly  during  pregnancy  to  elicit  growth  of 
the  mammary  alveoli  is  thereby  given  further  experimental  .support. 
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EVIDENC’E  FOR  STIMULATION  OF  INSULIN  SEdiETION 
BY  GROWTH  HORMONE  IN  THE  RAT‘ 
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JOAN  FREDERICKS  and  ENRIQUE  LOPEZ^ 

Deportments  of  Medicine  and  Physiology,  Division  of  Endocrinology, 

Duke  I'niversity  Medical  Center,  Durham,  Xorth  (Uirnlina 

ABSTRACT 

Biijsoil  on  tho  ohstM  vation  that  only  insulin  will  incioaso  the  conr<'ntration 
of  Klycogon  in  rat  adipose  tissue  both  in  the  i)resenee  and  the  absence  of  the 
j)ancreas,  evidence  for  insulin  secretion  in  response  to  growth  hormone  treat¬ 
ment  was  sought  by  measuring  adipose  tissue  glycogen  levels  in  fed  intact  and 
eviscerated  rats.  It  had  previously  been  shown  that  growth  hormone  had  no 
influence  on  atlipose  tissue  glycogen  in  48-hour  fasted  rats,  but  the  pancreas  of 
the.se  animals  may  be  presumed  to  have  been  depleted  of  insulin.  In  fed  rats 
given  2  ml.  of  50  per  eent  glucose  by  stomach  tube  both  insulin  and  growth 
hormone  brought  about  significant  increa.ses  in  the  glycogen  content  of  the 
dorsal  interscapular  brown  fat  pad.  .\cutely  eviscerated  rats,  which  lack  the 
panereas,  showed  no  accumulation  of  adipose  tissue  glycogen  in  response  to 
a  subcutaneous  glucose  load  compared  to  intact  controls  unless  given  insulin. 

In  the  latter  instance  adipose  tissue  glycogen  levels  were  comparable  to  those 
in  intact  rats  given  the  same  dose  of  glucose  and  insulin.  Growth  hormone  had 
no  influenee  on  adipose  tissue  glycogen  values  in  eviscerated  rats  even  when 
given  together  with  insulin.  These  data  suggest  that  the  pancreas  is  necessary 
for  the  adipose  tissue  glycogen  response  to  growth  hormone  and  that  the  effect 
is  not  mediated  by  growth  hormone  potentiating  the  action  of  circulating  or 
ti.ssue  bound  insulin.  It  is  concluded  that  growth  hormone  stimulates  the 
secretion  or  release  of  insulin  from  the  pancreas,  but  data  are  reviewed  which 
indicate  that  this  is  only  one  of  several  mechanisms  involved  in  the  action  of 
growth  hormone  on  carboh}’drate  metabolism. 

The  mechanism  of  the  hypoglycemic  respon.se  to  growtli  hormone  in 
the  rat  has  so  far  eluded  adequate  explanation.  The  fall  in  l)lood 
sugar  is  readily  demonstrated  in  tlie  fasted  normal,  adrenalectomized  or 
hypophysectomized  rat,  (1,  2,  3)  but  not  in  the  alloxan  diabetic  rat  (1) 
except  when  the  diabetes  is  mild,  as  in  the  experiments  of  UeGroot  and 
Weber  (4).  There  is  one  report  of  improved  gluco.se  tolerance  following 
administration  of  growth  hormone  (5).  Stimulation  of  insulin  secretion  or 
relea.se  of  preformed  insulin  from  the  pancreas  is  suggested  by  the.se  data. 
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However,  Anderson  and  Long  were  unable  to  obtain  evidence  for  insulin 
secretion  from  a  perfused  pancreas  preparation  in  vitro  (ti)  and  Randle 
failed  to  detect  insulin  activity  in  tlie  plasma  of  growth  hormone  treated 
rats  (7,  S).  Moreover,  growth  hormone  has  been  found  to  accentuate  the 
fall  in  blood  sugar  when  injected  intravenously  into  eviscerate<l-hypophy- 
sectomized  rats,  animals  which  no  longer  possess  pancreatic  tissue  (3). 
And  finally,  growth  hormone  has  l)een  shown  repeatedly  to  have  an  in¬ 
sulin-like  action  in  vitro  on  rat  diaphragm  (3,  7,  8,  9,  10)  and  on  mammar}' 
gland  slices  from  lactating  rats  (11).  This  action  appears  to  depend  on  the 
presence  of  insulin  in  the  tissue,  since  it  cannot  be  demonstrated  when 
tissues  from  diabetic  animals  are  used,  unless  insulin  is  added  (8,  10,  12). 

In  contrast  to  the  rat,  the  evidence  is  stronger  that  in.sulin  secretion  or 
release  is  in  fact  provoked  by  growth  hormone  in  other  species.  Thus, 
Bennett  has  adduced  evidence  for  this  in  the  dog  using  the  pancreatic 
transplant  technique  (13),  and  Randle  has  detected  an  increase  in  plasma 
insulin  activity  in  cats  receiving  growth  hormone  (8)  and  in  humans  .suffer¬ 
ing  with  acromegaly  (14).  On  the  other  hand,  it  has  been  .shown  by  Kurtz 
el  al.  (15)  that  in  the  dog  growth  hormone  will  still  lower  the  blood  sugar 
immediately  after  pancreatectomy,  and  Sirek  and  Best  (16)  found  that 
growth  hormone  would  depress  the  blood  sugar  in  totally  depancreatized 
dogs  up  to  24-72  hours  after  withdrawal  of  insulin.  Thus  insulin  .secretion 
cannot  be  the  .sole  basis  for  the  lowering  of  the  blood  sugar  by  growth 
hormone. 

In  1950  we  attempted  un.successfully  to  obtain  evidence  for  stimulation 
of  insulin  secretion  by  growth  hormone  in  the  rat  by  taking  advantage  of 
the  observation  that  insulin  seems  to  have  the  unique  property  of  increas¬ 
ing  the  concentration  of  glycogen  in  adipose  tissue  (17,  18,  19).  Using  48 
hour  fasted  intact  rats,  with  and  without  a  glucose  load,  we  were  unable  to 
elicit  any  increase  in  adipose  tissue  glycogen  in  growth  hormone  treated 
rats,  even  though  hypoglycemia  was  induced  (20).  We  concluded  from 
the.se  ob.ser  vat  ions  that  the  hypoglycemic  response  to  growth  hormone  was 
not  mediated  by  insulin  secretion.  Recently  we  have  applied  this  technique 
to  the  analysis  of  the  mechanism  of  action  of  the  oral  hypoglycemic  agent, 
tolbutamide  (21).  During  the  course  of  these  studies  it  became  apparent 
that  the  fasted  rat  was  a  poor  choice  for  demonstrating  insulin  secretion, 
since  the  pancreas  of  such  an  animal  might  be  expected  to  be  largely 
depleted  of  in.sulin  and  a  peripheral  action  of  insulin  might  be  difficult 
to  demon.strate.  Thus,  it  was  found  that  whereas  tolbutamide  had  no  in¬ 
fluence  on  adipose  tissue  glycogen  in  the  fasted  rat  given  a  glucose  load,  it 
brought  forth  a  marked  increase  in  glycogen  in  this  tissue  in  the  fed  rat. 
This  prompted  us  to  reinvestigate  the  action  of  growth  hormone  in  fed 
rats,  with  the  finding  that  a  prompt  and  striking  increase  in  the  glycogen 
content  of  adipose  tissue  could  be  induced.  In  the  eviscerated  rat,  lacking 
the  pancreas,  no  change  in  adipose  tissue  glycogen  was  to  be  seen. 
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METHODS 

Miilo  nits  of  tin-  Vaiulcrliilt  strain,  wcij^liin^  hctwron  170  and  230  grains 

wern  u.snd.  Tlit'y  wore  iM'i  inittcil  free  a<'C(‘ss  to  I’urina  rat  chow  and  to  water  until  the 
heninniiiK  of  each  exi)eriinent.  Blood  );lneose  was  determined  according  to  Soinogyi 
(22)  and  liver  and  adipose  tissue  glycogen  l)y  tlie  anthrone  inetliod  of  Carroll,  Longlcy, 
and  Roe  (2.3)  after  precipitation  of  the  glycogen  from  hot  KOII  with  alcohol.  Dorsal 
interscapuhir  brown  fat  was  dissected  out  and  weighed  on  a  Roller-Smith  torsion 
balance.  Adipose  tissue  glycogen  was  precipitated  and  prepared  for  analysis  as  previ¬ 
ously  described  (19).  Pentobarbital  anesthesia  was  used  only  for  removal  of  the  liver 
and  adipose  tissue  samples  and  for  the  evisceration  procedure,  which  was  done  according 
to  the  technique  of  Russell  (24).  In  the  latter  studies,  the  rats  were  kept  in  a  chick- 
incubator  set  at  33°  C  to  maintain  body  temperature  postoperatively. 

RESULTS 

In  Table  1  are  found  comparative  values  for  blood  glucose  and  liver 
and  adipose  tissue  glycogen  in  3  groups  of  fed  rats,  all  of  which  had  received 
2  ml.  of  50  per  cent  glucose  by  stomach  tube  at  the  beginning  of  the  experi¬ 
ment  and  were  sacrificed  at  the  end  of  3  hours.  Group  1  was  the  control. 
Group  2  received  0.5  u.  of  glucagon-free  insulin  subcutaneously  at  the 
outset  and  Group  3  have  been  injected  intraperitoneally  with  4  mg.  of 
l)ovine  growth  hormone  (Somar-A  Lot  R50109  prepared  by  the  Armour 
Laboratories  for  the  Endocrinology  Study  Section  of  the  National  In- 
•stitutes  of  Health).  Reference  to  Table  1  reveals  that  growth  hormone  had 
no  detectable  influence  on  glucose  tolerance,  while  insulin  had  the  ex¬ 
pected  effect  of  lowering  the  blood  sugar  even  in  the  face  of  the  glucose 
load.  The  adipose  tissue  showed  a  marked  increase  in  glycogen  content  in 
both  the  in.sulin  and  growth  hormone  groups  as  compared  to  the  controls. 
There  was  no  significant  difference  between  the  response  to  0.5  u.  of  insulin 
and  4  mg.  of  growth  hormone  with  respect  to  adipose  tissue  glycogen  even 
though  only  the  in.sulin  induced  a  frank  change  in  the  blood  sugar.  Liver 
glycogen  values  were  roughly  comparable  in  the  three  groups,  although 
somewhat  lower  in  the  growth  hormone  series. 

In  order  to  eliminate  the  possibility  that  growth  hormone  either  had  a 
direct  effect  on  adipose  tissue  glycogen  or  potentiated  the  effect  of  circulat¬ 
ing  in.sulin  without  directly  stimulating  in.sulin  secretion,  an  additional 
study  was  done  using  acutely  eviscerated  rats.  In  this  experiment  800  mg. 


T.\BI.E  1.  fiLl'CO.SE  TOI.ERAXCE  AND  LIVER  AND  ADIPOSE  TISSUE  GLYCOOEN 
IN  INTACT  RATS 


Experimental  group  | 

Blood  glucose,  mg.  per  100  ml.  | 

Glycogen,  gin.  per  1(X)  gms. 

0  1 

1  hr.  1 

2  hrs.  1 

3  hrs.  1 

Liver 

.Adipoee  Tissue 

1.  Control — 2  ml.  50% 

Glucose  p.o.  (15) 

n5±2.0 

143  ±3. 8 

148  +  3.4 

1.34  ±3.2 

4.42±0.312 

0.277  ±0.054 

2.  0.5  u.  Insulin  8. q. — 

Glucose  (10) 

120  +  4.0 

85  ±3. 6** 

91  ±6.8** 

118±8.6 

4.(K)±0.170 

0.820±0.127** 

3.  Growth  Hormone  4  mg. 
i.p. — Glucose  (16) 

1 

114±1.8 

! 

134±2.0 

144±3.1 

1  127±2.5 

1  3.31±0.317 

1  0.7.33  ±0.079** 

Mean  ±S.E. 

♦♦  P  <.01  compared  to  Control. 
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of  glucose  were  administered  subcutaneously  and  growth  hormone,  dis¬ 
solved  in  physiologic  saline,  was  slowly  injected  intravenously.  The  results 
are  recordefl  in  Table  2.  (’ontrol  rats  exhibited  markedly  diabetic  glucose 
tolerance  curves  and  the  adipose  glycogen  level  was  much  lower  than  that 
recorded  in  the  intact  rats.  Insulin  in  two  doses,  0.05  and  0.5  unit  each, 
brought  about  the  expected  improvement  in  glucose  tolerance  and  an  in¬ 
crease  in  adipose  tissue  glycogen.  It  is  noteworthy  that  the  mean  glycogen 
level  in  the  eviscerate  rats  receiving  0.5  unit  of  insulin  and  800  mg.  of 
glucose  was  identical  with  that  in  the  intact  rats  receiving  the  same  dose 
of  iiKsulin  and  1000  mg.  of  glucose  (Table  1).  Eviscerated  rats  to  which 
growth  hormone  had  l)een  administered  exhibited  blood  sugar  and  adipose 
tissue  glycogen  values  which  were  indistinguishable  from  those  of  the  un¬ 
treated  eviscerated  controls.  From  this  experiment  it  would  appear  that 
a  source  of  insulin  is  necessary  in  order  for  growth  hormone  to  promote 
glycogen  accumulation  in  adipo.se  tissue.  In  order  to  determine  whether 
this  requirement  was  related  to  .secretion  or  release  of  insulin  from  the  pan¬ 
creas  or  depended  merely  on  the  presence  of  adequate  insulin  in  the  organ¬ 
ism,  a  final  experiment  was  performed  in  which  eviscerated  rats  received 
both  0.05  u.  of  insulin  and  growth  hormone.  The  data,  recorded  in  the 
last  line  of  Table  2,  fail  to  reveal  any  potentiation  by  growth  hormone  of 
the  insulin  effect  on  adipose  tissue  glycogen,  or  for  that  matter  on  the 
blood  .sugar. 

DISCUSSION 

The.se  results  lend  strong  but  indirect  support  for  the  concept  that 
growth  hormone  does  indeed  bring  about  a  stimulation  of  insulin  secretion 
in  the  rat.  This  interpretation  is  based  on  the  observation  made  by  several 
inve.stigators  that  only  in.sulin  will  increase  the  glycogen  content  of  adipose 
tis.sue  both  in  the  presence  and  absence  of  the  pancreas  (17,  18,  19,  25).  A 
glucose  load,  which  is  known  to  stimulate  insulin  .secretion  (26)  likewise 
leads  to  accretion  of  glycogen  in  adipose  tissue,  provided  that  the  pancreas 
is  present.  In  the  present  experiments  growth  hormone  had  the  .same  effect 
as  insulin  in  intact  fed  rats,  but  not  in  eviscerated  rats.  Previously  we  had 


TaBI.E  2.  (IHTrOSE  TOI.ERANCE  and  ADII’O.SE  TI.ssI’E  fiI,Y<’OfiE\ 
IN  EVISCERATED  RATS 


Blood  glucose, 

,  mg.  per  KHI  ml. 

.\dipo8e  tissue 

0  ; 

1  hr. 

2  hrs.  1 

3  hrs. 

gm./ino  gill. 

1.  (Control — 8  ml.  10% 

Glucose  s.q.  (6) 

120±7.5 

477  ±.33. 8 

548±.38.9 

602  ±26.8 

0.051  ±0.012 

2.  Insulin — 0.05  u. 
and  Glucose  (7) 

112  ±2. .3 

409  ±  9.2 

4.30  ±34.. 3**  ' 

4.30  ±4 1.6** 

0.111±0.02.3* 

.3.  Insulin — 0.5  u. 
and  Glucose  (5) 

{t{»±5.2 

231  ±29.6** 

150  ±13.5** 

108  ±43.9** 

;  0.916±0.156** 

4.  Growth  Hormone 

4  iiigm.  i.p..  Glucose  (8) 

5.  Growth  Hormone,  4  mgm., 
Insulin,  0.05  c..  Glucose  (7) 

100  ±2.7 

480±15.4 

566  ±23.0 

.565±  19.9 

i  0.035±0.(H)9 

98±3.5 

372  ±16.2** 

394  ±  2.3 . 1** 

369  ±34.0** 

j  0.115±0.0.34 

Mean±S.E. 

**  P  <.01  compared  to  Control. 
•  P  <.05  compared  to  Control. 
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found  that  it  was  ineffectual  in  the  fasted  rat  (20).  It  seems  reasonable  to 
suggest  that  the  basis  for  the  difference  in  response  of  the  fasted  and  fed  rat 
lies  in  the  low  insulin  content  of  the  pancreas  of  the  fasted  animal  (27).  A 
similar  difference  was  noted  with  tolbutamide,  which  likewise  induced 
glycogen  deposition  in  the  adipose  tissue  of  the  fed  but  not  the  fasted  rat 
(21).  Unpublished  studies  demonstrate  that  tolbutamide  also  has  no  in¬ 
fluence  on  adipose  tissue  glycogen  in  eviscerated  rats.  The  failure  of  the 
eviscerated  rat  to  respond  to  growth  hormone  even  in  the  presence  of  in¬ 
jected  insulin  indicates  that  the  increase  of  adipose  tissue  glycogen  in  the 
intact  rats  cannot  be  accounted  for  either  by  a  direct  action  of  growth 
hormone  on  adipose  tissue  or  by  a  potentiation  of  the  insulin  effect. 

.\lt hough  these  studies  point  clearly  to  a  stimulation  of  insulin  secretion, 
it  is  obvious  from  many  different  observations  that  all  the  immediate  ac¬ 
tions  of  growth  hormone  on  carbohydrate  metabolism  are  not  so  mediated. 
Indeed,  there  would  appear  to  be  at  least  three  or  four  distinct  mechanisms 
by  which  this  hormone  moderates  carbohydrate  metabolism.  It  influences 
glucose  uptake  and  glycogen  accumulation  in  diaphragm  and  skeletal 
muscle  and  this  response  seems  to  depend  on  the  presence  of  insulin  but  is 
not  mediated  by  insulin  secretion.  It  brings  about  an  increase  in  cardiac 
muscle  glycogen  which  appears  to  be  entirely  independent  of  insulin  (28). 
I’hirdly,  there  is  the  response  of  adipose  tissue  glycogen  which  seems  to  be 
mediated  directly  by  insulin  secretion.  And  finally,  it  must  be  recalled  that 
there  are  other  metabolic  changes  which  not  only  are  not  dependent  on 
insulin,  but  actually  represent  contra-insulin  responses.  These  include  the 
diabetogenic  effect,  which  is  only  partially  accounted  for  by  pancreatic 
exhaustion,  the  adipokinetic  and  ketogenic  actions  and  the  depression  of 
the  R.Q.  (29,  30).  Since  the  blood  sugar  response  to  growth  hormone  must 
represent  the  consequences  of  the  interaction  of  these  different  effects  it  is 
apparent  why  changes  in  this  parameter  have  been  difficult  to  interpret. 
It  explains  too  why  it  should  be  possible  in  the  present  experiments  to 
observe  ah  impressive  insulin  response  in  adipose  tissue  without  seeing 
any  change  in  the  glucose  tolerance  in  the  same  animal. 

The  demonstration  that  insulin  secretion  may  occur  in  response  to 
growth  hormone  administration  is  consistent  with  the  evidence  that  insulin 
is  necessary  for  the  growth  promoting  effect  of  this  hormone  (31),  but  its 
significance  for  other  metabolic  parameters  remains  unclear.  It  should  be 
emphasized  that  the  present  observations  on  adipose  tissue  are  of  limited 
physiological  significance  liehond  their  use  as  an  indicator  of  insulin  secre¬ 
tion.  The  dorsal  interscapular  adipo.se  tissue  is  made  up  largely  of  brown 
fat  and  represents  only  a  very  small  proportion  of  the  total  adipose  tissue. 
It  was  chosen  because  it  is  metabolically  more  active  and  responds  more 
sensitively  to  insulin  by  glycogen  accumulation  than  does  white  fat.  No 
conclusions  can  be  drawn  from  these  experiments  concerning  the  over-all 
role  of  growth  hormone  in  adipose  tissue  metabolism  in  general. 
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The  property  of  inducing  hypoglycemia  is  not  peculiar  to  growth 
hormone  alone.  It  has  also  been  demonstrated  with  prolactin  (82,  88), 
ACTH  (80,  84,  85)  and  thyrotropin  (80).  Foa  et  al.  (82,  88)  have  presented 
evidence  that  insulin  secretion  is  involved  in  the  hypoglycemic  response  to 
prolactin  in  the  dog.  AC'TII  has  an  effect  on  adipose  tissue  ghcogen  in 
the  rat  which  is  (piite  comparable  to  that  of  growth  hormone.  This  action 
can  be  demonstrated  in  the  adrenalectomized  animal  and  our  data  indicate 
that  it  is  not  due  to  contamination  of  the  ACTH  with  other  hormones. 
(To  be  published.)  It  thus  represents  another  example  of  an  extra-adrenal 
metabolic  action  of  ACTH  (87).  There  is  no  information  available  concern¬ 
ing  the  mechanism  of  the  hypoglycemic  action  of  TSH. 
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THE  CYCXICAL  CHANGES  IN  THE  MUCOSA  OF  THE 
GUINEA  PIG’S  UTERUS,  CERVIX  AND  VAGINA  AND  IN 
THE  SEXUAL  SKIN,  INVESTIGATED  BY 
THE  ELECTRON  MK’ROSCOPE' 

MARIO  H.  BURGOS^  and  GEORGE  B.  WISLOCKI 

D)  IKirtiHenta  of  Anatomy,  Harvard  Medical  School,  Boston,  Massachusetts,  and 
Cornell  I’niversity  Medical  College,  Xew  York,  Xew  York 

ABSTRACT 

The  mucosa  of  the  guinea  pig’s  endometrium,  cervix  and  vagina  and  the 
epithelium  of  the  perivaginal  (sexual)  skin  have  been  studied  with  the  electron 
microscope  during  estrus,  metestrus  and  late  diestrus. 

During  estrus,  the  uterine  epithelial  cells,  the  superficial  mucous  cells  of 
the  cervical  epithelium  as  well  as  the  basal  and  prickle  cells  of  the  vaginal 
epithelium  display  microvilli  on  their  surfaces;  these  diasppear  during  diestrus. 

Throughout  the  cycle  in  the  cervix  and  during  diestrus  in  the  vagina,  the 
superficial  epithelial  cells  are  filled  with  large  droplets  of  a  low-densit\'  ma¬ 
terial,  apparently  mucus.  This  seems  to  arise  within  distended  vesicles  of  the 
endoplasmic  reticulum  in  lower  cells. 

During  estrus  in  the  vagina  and  at  all  times  in  the  sexual  skin,  the  upper¬ 
most  epithelial  cells  consist  mainh-  of  filaments.  In  the  basal  cells,  these  fila¬ 
ments  occur  in  small  clusters  anchored  on  thickenings  on  the  cell  surfaces.  Such 
cells  contain  an  abundance  of  dense  cytoplasmic  particulates  presumed  to  be 
ribonucleoprotein;  an  endoplasmic  reticulum  is  absent  or  poorly  developed. 

The  transitional  layer  of  the  vaginal  epithelium  during  estrus  shows  a 
gradual  retraction  and  apparent  dissolution  of  the  nuclei,  paralleled  by  a  swelling, 
vacuolization  and  disappearance  of  the  mitochondria. 

Some  correlations  have  been  drawn  between  the  present  observations  and 
those  reported  earlier  {Endocrinology  59:  93.  1956)  for  the  histochemical  char¬ 
acteristics  of  these  same  tissues. 

IN  A  previous  paper  (1),  we  reported  the  morpliological  and  histo- 
ehemical  characteristics  of  the  mucosa  of  the  uterus,  cervix,  and  vagina 
and  of  the  epithelium  of  the  sexual  skin  of  the  guinea  pig  in  the  four 
principal  stages  of  the  estrous  cycle.  This  paper  presents  the  re.sults  of 
parallel  observations  made  on  the  fine  structure  of  the  same  epithelia, 
as  revealed  by  the  electron  microscope.  Most  of  the  reported  ol)serva- 
tions  refer  to  the  two  highly  contrasting  stages  of  the  cycle,  estrus  and 
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late  (liestrus,  which  reflect  the  influence  of  high  and  low  levels  of  circulating 
estrogen,  respectively  (2). 

MATERIAL  AND  METHODS 

From  many  of  the  same  guinea  pigs  used  earlier  (1),  i.e.,  those  in  estrus,  metestrus 
and  late  diestrus,  we  took  1  mm.  strips  of  the  uterus,  the  cervix,  the  vagina  and  the  skin 
of  the  vaginal  orifice.  These  were  fixed  for  3  hours  in  1%  buffered  osmium  tetroxide  (pH 
7.0),  embedded  in  n-butyl  methacrylate,  sectioned  transversely  at  about  25  m/x  and 
examined  either  with  an  RC.\  EMU  2E  or  EMU  3B  microscope  (3).  This  i)rocedurc 
])roved  far  more  successful  in  preserving  endometrium  and  vagina  than  cervix  and 
sexual  skin. 

OBSERVATIONS 

Endomelrium 

During  estrus,  the  uterine  epithelium  lioth  on  the  surface  and  in  the 
glands  consists  of  tall,  columnar  cells  resting  on  a  thin  basement  membrane 
(Fig.  1).  The  nucleus  almost  fills  the  lower  half  of  the  cell.  The  lateral 
membranes  are  relatively  straight,  exhibiting  occasional  folded  interdigita- 
tions  with  adjacent  cells.  At  the  apical  end,  neighboring  membranes  thicken 
to  form  typical  terminal  bars;  these  are  more  conspicuous  in  the  glands 
than  on  the  surface  epithelium  (cf.  Figs.  1  and  3).  Short  microvilli  project 
from  the  apical  surface  of  all  the  cells  (Figs.  1  and  3).  These  vary  in  length 
and  frequency,  and  some  appear  branched.  The  cytoplasm  displays  a 
variety  of  organelles:  numerous  dilated  vesicles  of  endoplasmic  reticulum 
containing  a  material  of  low  electron  density  and  studded  with  small  dense 
granules  80-1.50  A  across,  presumably  ribonucleoprotein  (4),  small  mito¬ 
chondria  containing  relatively  few  internal  cristae,  supranuclear  Golgi 
bodies  (.5),  and,  especially  in  the  glandular  cells,  strands  of  delicate  cyto¬ 
plasmic  fibrils.  Lipide  bodies,  commonly  distorted  by  the  preparatory- 
procedure,  occur  in  many  cells.  Sometimes  the  lipides  exhibit  a  complex 
nature,  as  described  for  other  tissues  (6,  7). 

In  metestrus,  the  endometrial  cells,  especially  those  on  the  surface,  appear 
shorter  than  in  estrus.  The  apical  surfaces  no  longer  show  clearly-defined 
membranes  and  microvilli;  irregular  processes  bulge  into  the  lumen  (Fig. 
4).  The  terminal  bars  are  far  more  conspicuous  than  earlier.  The  gland 
lumens  contain  some  extremely  dense  masses  as  well  as  numerous  irregular 
vacuoles,  whose  contents  have  been  preserved  poorly.  These  vacuoles 
appear  continuous  with  saccular  dilatations  in  the  cell  cytoplasm.  The 
lipide  inclusions  are  now-  much  smaller  and  are  typically  rounded  in  shape. 

During  diestrus,  the  cells  are  strikingly  smaller  (cf.  Figs.  1  and  2).  This 
atrophy  is  reflected  in  a  corresponding  shrinkage  of  the  nucleus  and  mito¬ 
chondria.  The  outer  membrane  is  now-  smooth.  The  cytoplasm  contains 
only  small  vesicles  of  endoplasmic  reticulum.  The  granular  component 
appears  relatively  more  abundant  than  at  th.e  other  stages.  The  details 
of  the  lateral  and  basal  membranes  are  clearer  than  at  previous  stages  be¬ 
cause  of  the  relative  absence  of  cytoplasmic  inclusions. 
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Cervical  Epithelium 

Tlie  cervix  proper  possesses  two  types  of  epithelial  cells,  one  or  two 
rows  of  basal  cells  and  a  row  of  superficial  mucous  cells  (1).  At  all  stages 
of  the  cycle,  the  basal  cells  resemble  closely  their  counterparts  in  the 
diestrous  vagina  (Fig.  15).  The  overlying  mucous  cells  are  .strikingly  differ¬ 
ent  from  the  basal  cells.  Their  cytoplasm  is  filled  with  large  saccular  spaces 
containing  a  flocculent  material  of  low  density  (Fig.  5).  Interspersed  are 
small  mitochondria  and  small  vesicles  and  tubules  of  endoplasmic  retic¬ 
ulum,  po.s.se.ssing  clearly-defined  membranes  and  surrounding  dense 
granules.  In  estrus  and  metestrus,  the  outer  surface  of  these  cells  is  char¬ 
acterized  by  numerous  microvilli  (Fig.  5);  during  diestrus  the  surface  is 
merely  irregular.  As  in  the  vagina,  leukocytes  appear  in  the  intercellular 
spaces  of  the  mucosa  during  late  metestrus  and  diestrus. 

Vaginal  Epithelium 

In  estrus  the  stratified  epithelium,  as  .seen  with  the  light  microscope,  con¬ 
sists  of  basal  germinative  cells,  a  prickle-cell  layer,  a  transitional  layer  in 
which  the  nuclei  become  flattened  and  pyknotic,  and  a  thick  cornified  layer 
in  which  nuclei  are  rare.  The  electron  microscope  reveals  considerably 
more  detail  about  these  various  cell  types,  as  repre.sented  schematically  in 
Figure  6a. 

The  germinative  cells  send  basal  projections  into  an  undulated  basement 
membrane  (Fig.  8).  The  inner  a.spect  of  this  ba.sal  cell  membrane  shows 
den.se  thickenings,  which  fuse  with  packets  of  150  A-thick  cytoplasmic 
fibrils,  as  has  been  described  for  skin  (8).  All  other  surfaces  of  the  germina¬ 
tive  cells  are  quite  irregular  (Fig.  7)  and  re.semble  the  .surfaces  of  the  over- 
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Fig.  1.  A  ])ortion  of  a  uterine  gland  during  I'strus,  illustrating  the*  microvilli  at  the 
surface  of  the  cells,  X 4,400. 

Fig.  2.  The  smooth  surface,  without  microvilli,  of  a  uterine  gland  segment  during 
diestrus.  Compare  the  sizes  of  the  cells  with  those  of  Figure  1 ,  which  was  taken  at  a 
lower  magnification.  XH,300. 

Fig.  .3.  .\  part  of  the  surface  epithelium  and  the  pit  of  a  gland  during  estrus,  revealing 
the  small  size  of  the  microvilli  on  the  surface  cells.  XI  5,000. 
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lying  prickle  cells.  Adjacent  cells  appear  joined  together  by  periodic  thick¬ 
enings  of  their  membranes,  a  pair  of  such  thickenings  corresponding  to  the 
desmosome  of  light  microscopy.  A  half-desmosome  resembles  the  basal 
densities  described  above  and  likewise  serves  as  an  anchor  for  a  cluster  of 
cytoplasmic  filaments.  Only  a  thin  space  separates  the  half-desmosomes. 
Between  two  desmosomes,  the  intercellular  space  is  greatly  distended,  and 
each  cell  membrane  sends  out  periodic  groups  of  microvilli.  In  some  loca¬ 
tions,  the  microvilli  of  the  two  adjacent  cells  interdigitate  (Fig.  7) ;  in  other 
places,  one  cell  possesses  the  microvilli  and  the  opposite  cell  exhibits  a 
concavity  (Fig.  11). 

Internally,  as  on  their  surfaces,  the  basal  cells  and  prickle  cells  are 
essentially  alike.  The  nuclei  are  large  and  somewhat  lobulated.  They 
possess  a  well-defined  nucleolus,  typical  conglomerations  of  light  granules 
(chromatin),  and  numerous,  isolated,  dark  80-150  A  granules.  The  cyto¬ 
plasm  is  crowded  with  similar  particles  (Figs.  11 ;  12  a,  b).  An  endoplasmic 
reticulum  is  poorly  distinguishable.  Mitochondria  exhibiting  a  dense  matrix 
and  few  internal  cristae  are  randomly  distributed.  Clusters  of  cytoplasmic 
fibrils  lie  in  the  peripheral  cytoplasm.  Such  clusters  appear  to  be  more 
abundant  in  the  upper  layers  of  prickle  cells  than  in  the  underlying  ones. 

In  the  transitional  laj'er,  desmosomes  are  not  apparent,  and  microvilli 
become  irregular  and  infrequent  (Fig.  10).  The  cells  are  flattened.  Dense 
liundles  of  filaments  crowd  the  cytoplasm.  In  the  lower  cells  of  this  layer, 
the  nucleus  is  highly  irregular  in  shape  and  appears  pale  because  it  con¬ 
tains  fewer  dense  particles  than  do  the  underlying  layers  and  because  the 
small,  light  components  have  accumulated  near  the  nuclear  membrane 
(Fig.  12  c,  d).  In  the  outermost  cells  of  the  layer,  the  nucleus  is  reduced  to 
a  dark  strand  (Fig.  10).  A  clear  lacunar  space  surrounds  the  nucleus  in 
cells  lying  in  the  outer  portion  of  the  transitional  layer  (Fig.  12  d,  e), 
apparently  as  a  result  of  shrinkage  of  the  nucleus  proper  away  from  its 
outer  envelope  (9).  The  mitochondria  undergo  pronounced  swelling  in  the 
transitional  layer  (Fig.  12c),  become  conspicuously  vacuolated  in  the 
outer  cells  and  eventually  disintegrate  (Fig.  10). 

The  outermost,  fully  cornified  cells  are  flattened,  with  serrated  surfaces 
and  thick  outer  membranes  (Fig.  9).  Nuclei  and  organelles  are  no  longer 
distinguishable.  The  cells  contain  one  or  more  large  clear  spaces  surrounded 
by  dense  bundles  of  filaments. 


Fig.  4.  Electron  micrograph  of  a  part  of  the  epithelium  of  a  uterine  gland  during 
metestrus.  Irregular  processes  and  clear  vacuoles  bulge  into  the  lumen,  which  is  partially 
occupied  by  a  large,  extremely  dense  mass.  Cytoplasm  is  filled  with  saccular  dilatations, 
small  vesicles  and  dense  particles.  X  7,100. 

Fig.  5.  Electron  micrograph  of  a  portion  of  the  cytoplasm  of  two  mucous  cells  of  the 
uterine  cervix  during  estrus.  Numerous  microvilli  project  into  the  lumen  of  the  cervical 
canal.  Large  globules  with  poorly-defined  limits,  containing  a  flocculent  material  of 
low-density  mucus,  fill  up  the  cytoplasm.  X  13,500. 
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Fig.  6.  Diagrammatic  sections  through  the  vaginal  c])ithclium  at  two  different  stages 
of  the  estrous  cycle. 

a.  During  estrus,  intercellular  microvilli  and  channels  appear  in  the  basal  and  prickle¬ 
cell  layers;  they  gradually  disappear  at  the  transitional  layer  and  are  completely  absent 
from  the  cornified  cells.  The  nuclei  present  striking  changes  at  the  transitional-cell  level: 
diminution  of  the  dark,  granular  component  (RX.V),  shrinkage  away  from  the  outer 
membrane  to  produce  a  perinuclear  space,  and  concentration  of  the  nuclear  contents 
in  a  dense  strand.  In  the  cytoplasm,  there  is  an  increase  in  the  number  of  filaments  from 
the  basal  to  the  outer  layers,  and  a  reduction  in  the  number  of  dark  particles  (RN.\). 
Mitochondria  swell  at  the  transitional-cell  level  and  disintegrate  in  the  cornified  layer. 
.\pi)arently  they  also  contribute  to  the  clear  spaces  around  the  shrunken  nuclei.  The 
serrated  scales  of  the  outer  layer  present  an  extremely  dense  cytoplasm  filled  with 
closely-packed  clusters  of  filaments  and  clear  spaces  without  membranes.  Nuclear 
remnants  are  no  longer  distinguishable  from  the  dense  background. 

b.  During  late  diestrus  the  vaginal  epithelium  has  3  layers  of  cells:  in  these  relatively 
narrow  limits  the  complete  process  of  mucification  takes  place.  Endoplasmic  reticulum 
develops  into  vesicles,  tubules,  channels  and  cisternae.  A  low-densit}’  material,  flocculent 
and  amorphous,  accumulates  inside  these  saccular  dilatations  of  the  endoplasmic 
reticulum;  almost  abruptly  the  outermost  cell  is  transformed  into  a  typical  mucous  cell. 
The  diagram  illustrates  the  communication  of  the  large  droplets  of  mucus  with  the 
endoplasmic  reticulum.  Intercellular  spaces  are  narrow  and  without  microvilli;  the  cells 
frequently  interdigitate. 


Figs.  9,  10  .\ni>  11.  Electron  Micrographs  of  Cells  ok  the  V'aginal  P>itheliu.m 
During  Estrus.  (.\11  X25,000.) 

{Explanation  of  figures  on  facing  page) 
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During  metestrus,  the  same  layers  appear.  Microvilli  have  become  less 
numerous  on  the  cell  surfaces  of  germinative  and  prickle  cells.  Ribo- 
nucleoprotein  granules  crowd  the  cytoplasm  of  these  lower  cells.  Bundles 
of  thick  filaments  are  far  more  abundant  in  the  basal,  prickle-cell  and 
transitional  layers  than  during  estrus. 

By  late  dicstms  the  vaginal  epithelium  is  reduced  to  three  layers  of  cells: 
a  ba.sal  or  germinative  layer,  an  intermediate  layer  and  an  outer  mucous 
layer  (Fig.  fib).  Occasional  leukocytes  appear  within  the  vaginal  epithelium 
in  distended  intercellular  spaces. 

The  l)asal  cells  differ  from  tlieir  appearance  in  e.strus  in  the  following 
respects.  They  are  much  smaller  and  distinctly  flattened  (Fig.  15).  The 
flattened  nucleus  generally  lacks  a  nucleolus,  and  conglomerations  of  light 
granules  (chromatin)  lie  against  the  nuclear  membrane.  The  intercellular 
spaces  are  not  distended,  so  that  the  lateral  membranes  of  adjacent  cells  are 
closely  apposed  and  possess  no  microvilli.  These  surfaces  interdigitate 
extensively,  however  (Fig.  14).  Desmosomes  appear  reduced  in  number. 
The  bundles  of  cytoplasmic  filaments  and  the  free  ribonucleoprotein 
particles  are  likewise  much  less  numerous.  On  the  other  hand,  collapsed 
vesicles  of  endoplasmic  reticulum,  indistinguishable  in  the  preparations 


Kxplaxatiox  ok  Figurks  7-11 

Fig.  7.  The  basal  K'‘iniinativ(*  colls  send  basal  i)rojoctions  into  tin*  basonuMit  nioin- 
brano.  Clust(Ms  of  filaments  cross  the  cytoplasm  in  different  directions  and  fuse  with 
the  desmosomes.  Groujisof  microvilli  j)roject  from  the  cell  surfaces  into  the  intercellular 
spaces.  Below  the  basement  membrane,  a  portion  of  a  blood  capillary  is  seen  with  a  rather 
curious  disposition  of  the  endothelium  in  thick  and  thin  portions.  X  10, .500. 

Fig.  S.  .\  higher  magnification  of  the  basement  membrane  to  show:  a,  dense  thicken¬ 
ings  in  the  inner  aspect  of  the  basal  cell  membrane,  h,  a  clear  narrow  line,  c,  the  outer 
aspect  of  the  cell  membrane,  d,  a  clear  space  containing  a  material  of  low  density,  and 
finally  e,  a  denser  band  in  contact  with  the  connective  tissue.  Cross  sections  of  collagen 
fibers  and.  capillary  endothelium  are  seen  in  the  connective  tissue  of  the  lamina  propria. 
Note,  in  the  cytoplasm  of  the  basal  cells,  clusters  of  filaments  anchoring  in  desmosonu's. 
XH5,000. 

Fig.  9.  Fully  cornified  cells  of  the  outer  layer  with  serrated  surfaces  and  thick  cellular 
membranes.  Nuclei  and  organelles  are  no  longer  distinguishable.  The  cells  contain  one 
or  more  large  clear  sjiaces  surrounded  by  dense  bundles  of  filaments.  Between  the  scales 
the  intercellular  spaces  appear  extremeb’  irregular  and  wide. 

Fig.  10.  Cell  from  the  outermost  transitional  layer.  The  thick  and  irregular  surface 
of  the  cell  receives  ilense  bundles  of  filaments,  but  desmosomes  are  not  ajiparent.  The 
nucleus  is  redueed  to  a  den.se  strand  surrounded  by  irregular,  clear  spaces.  No  cyto¬ 
plasmic  organelles  are  recognizable. 

Fig.  II.  Prickle  cell.  The  eytojilasm  is  crowded  with  small  particles.  .Mitochondria 
and  clusters  of  filaments  surround  the  nucleus,  .\rrows  point  to  desmosomes  at  the  cell 
surfaces;  between  (h'smosomes  the  intercellular  spaces  are  greatly  distimded  and  each 
cell  membrane  sends  out  periodic  groups  of  microvilli.  Inset  a.  \  jiortion  of  the  cell  sur¬ 
face,  magnified  60,000  X,  showing  a  group  of  microvilli  projecting  into  the  intercellular 
space. 


Fir,.  12.  Klkctuon  MiruoouAi'ns  ok  V.aginal  Kimthki.iai,  Ckm-s  dvuing  Fstrxts. 

(.Ml  X2r),()()0.) 

а.  Hasiil  coll.  The  nucleus  contains  numerous  dark  and  light  particles.  The  mito¬ 
chondria  have  a  dense  matrix  and  few  cristae.  Cytoplasmic  dark  particles  are  interspersed 
between  the  mitochondria. 

б.  Prickle  cell.  Numerous  dark  particles  in  the  nucleus  and  in  the  cytoidasm.  The 
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from  estrus,  are  now  apparent  and  show  the  characteristic  studding  of  riho- 
niicleoprotein  particles. 

In  the  overlying  cells,  which  correspond  to  the  prickle  cells  of  estrus, 
intercellular  spaces  are  likewi.se  poorly  developed.  The  elements  of  endo¬ 
plasmic  reticulum  are  distended  into  cisternae  and  lacunae,  containing 
material  of  low  electron  density  (Fig.  13). 

The  outermost  mucous  cells  contain  a  central  nucleus,  an  intermediate 
zone  filled  with  large,  pale,  flocculent  droplets  having  poorly-defined 
membranes,  interspersed  with  mitochondria,  and  a  thin  outer  layer  of 
cytoplasm  containing  thin  canalicular  elements  of  endoplasmic  reticulum 
surrounded  by  dense  particles  (Fig.  15).  The  luminal  surface  is  smooth. 

Epithelium  of  the  Sexual  Skin 

Three  strata  can  be  distinguished  in  the  epithelium  of  the  vaginal  vesti- 
bule:abasal  layer  occupying  about  one-half  of  its  thickne.ss,  a  granular  layer 
and  a  keratinized  layer. 

No  changes  are  conspicuous  in  the  basal  layer  between  estrus  and  diestrus 
in  our  preparations.  The  nuclei  are  large,  with  quite  regular  surfaces  and 
prominent  nucleoli  of  reticular  structure.  The  cells  are  voluminous  and 
possess  smooth  contours.  The  cell  membranes  display  periodic  dark  thick¬ 
enings  or  desmosomes;  the  cells  resting  on  the  basement  membrane  show 
corresponding  thickenings  on  the  inner  a.spect  of  the  ba.sal  meml)rane  (see 
vagina).  The  cytoplasm  contains  sparse  bundles  of  thin  filaments,  which 
cross  the  cell  and  anchor  on  the  surface  thickenings.  Mito<diondria  are 
numerous  and  extremely  large,  with  a  pale  matrix  and  abundant  internal 
cristae.  Endoplasmic  reticulum  is  inconspicuous,  but  the  cytoplasm  is 
peppered  with  ribonucleoprotein  particles.  Scattered  in  the  subnuclear 
cytoplasm  are  large,  irregularly  ovoid,  extremely  opaejue  bodies  (melanin 
(1)),  with  no  apparent  internal  structure.  Occasionally  these  bodies  are 
.surrounded  by  smaller  particles  of  similar  <lensity. 

In  the  cells  of  the  overlying  stratum  granulosum,  the  nucleus  is  some¬ 
what  smaller.  The  cells  remain  smooth  in  contour,  with  periodic  desmo¬ 
somes.  The  mitochondria  appear  smaller  and  den.ser  than  in  the  underly¬ 
ing  cells.  The  cytoplasm  displays  abundant  dense  bundles  of  filaments. 
Three  types  of  granules,  all  pos.se.ssing  the  same  density,  occur  in  the 
cytoplasm:  small  particles  80-150  A  in  diameter,  larger  round  bodies  typi- 


iiiitochoiKlriii  arc  similar  to  tho.so  of  tlu*  basal  c»‘lls. 

c.  Transitional  cell  (lower  uart  of  layt'i).  'I'lie  nuehms  apjx'ars  to  have  fewer  dark 
particles  than  do  the  basal  and  i^riekle-eell  nuclei.  'I'he  mitochondria  ;ir(‘  sw«»llen  and 
possess  a  low-density  matrix. 

d.  Cell  from  the  middle  imrtion  (»f  the  transitionid  layer.  Th<‘  nucleus  is  shrunken 
away  from  its  outer  membrane,  leaving  clear  spaces  indicated  Iw  the  arrows.  There 
are  fewer  dark  particles,  and  the  mitochondria  are  pale  and  swollen. 

e.  Cell  from  the  outer  part  of  the  transitional  layer.  Intense  shrinkage  of  the  nucleus. 
The  perinuclear  space  is  more  prominent,  and  the  mitochondria  are  extremely  swollen. 


P^iGs.  13,  14  AND  15.  Electron  Micrographs  of  the  Vaginal 
Epithelium  during  Late  Diestrus. 

(See  explanation  of  figures  on  facing  page) 
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(•ally  about  (iO  my.  across,  and  extremely  large,  irregular  conglomerates 
generally  about  0.5  y  in  diameter.  The  two  larger  tjpes  are  far  less  numer¬ 
ous  in  diestrus  than  in  estrns. 

The  outermost  keratinized  layer  appears  abruptly,  with  no  detectable 
transition.  The  cells  consist  of  flattened,  homogeneous  scales  without  rec¬ 
ognizable  nuclei  or  nuclear  spaces.  From  the  base  of  this  layer  outward, 
the  scales  are  at  fir.st  dark,  then  light  and  finally  extremelj’  dark.  This 
sequence  reflects  changing  osmiophilia  rather  than  changing  density,  as 
indicated  by  examination  of  such  preparations  under  the  light  microscope. 

Disrussiox 

Our  discussion  of  these  ob.servations  will  concentrate  on  three  major 
points;  (a)  the  development  of  microvilli  on  many  cells  of  the  genital  tract 
epithelia  during  estrus;  (b)  the  ditTering  cytological  manifestations  of 
mucification  and  cornification  of  the  .stratified  epithelia,  and  (c)  certain 
correlations  that  can  be  drawn  between  the  present  observations  on  ultra¬ 
structure  and  our  earlier  histochemical  results  on  the  hi.stochemi.stry  on 
the  same  tissues  (1). 

Microvilli.  During  estrus,  there  is  a  common  morphological  response  on 
viable  cells  along  the  genital  tract  of  the  guinea  pig,  namely,  the  pre.sence 
of  microvilli.  These  occur  on  the  free  borders  of  the  uterine  epithelial  cells 
and  the  cervical  mucous  cells,  and  on  the  surfaces  of  the  lower  cells  in  the 
vaginal  epithelium.  They  do  not  develop  in  the  sexual  skin.  The.se  micro¬ 
villi  are  relatively  short  and  sparse,  thus  resembling  those  in  gall  bladder 
(7)  and  trachea  (10).  They  are  far  less  crowded  and  organized  than  in 
highly  specialized  surfaces  like  the  brush  border  of  the  renal  proximal 
tubule  (11),  the  striated  borders  in  the  small  intestine  (12)  or  the  testicular 
ductuli  efferentes  (13).  Such  an  augmentation  of  the  cell  surface  is  probably 
associated  with  absorption.  Mucous-secreting  cells  may  require  fluid  to 
hydrate  their  product  before  its  release.  In  the  vagina,  such  a  differentia- 

Fig.  13.  A  portion  of  the  cytoplnsni  and  nuclpus  of  a  nuicous  cell,  revealing  tlie 
extraordinary  dilatations  of  the  elements  of  the  endoplasmie  retievduni  into  eisternae 
and  lueunae,  eontaining  a  i)ale,  floeeulent  material  (mueus).  .Vrrows  point  to  the  eom- 
munieations  of  the  distended  endoplasmie  retieulum.  X  50,000. 

Fig.  14.  A  portion  of  the  eytoplasm  of  two  basal  eells  and  of  the  basement  membrane, 
'the  intercellular  space  is  narrow  and  lacks  microvilli  and  dilatations,  (’ells  interdigitate 
frequently  (arrows).  Present  are  mitochondria  with  dense  matrix,  conglomerations  of 
dark  particles,  and  poorly-defined  elu.sters  of  filaments,  which  anchor  in  dense  thicken¬ 
ings  of  the  cytoplasmic  membrane.  A  clear  space  followed  by  a  dense  line  in  contact 
with  the  connective  tissue  completes  the  basement  membrane.  X 75,000. 

Fig.  15.  Vaginal  epithelium  reduced  to  three  layers  of  cells.  At  the  bottom,  a  basal 
or  germinative  cell  with  a  flat  nucleus,  scattered  mitochondria,  and  canaliculi  and  vesicles 
of  endoplasmie  reticulum.  Desmosomes  (arrows)  are  less  ))rominent  than  during  estrus. 
In  the  middle,  intermediate  cells  with  distended  endoplasmic  reticulum  containing 
low-density  material  (mucus).  In  the  upper  portion  of  the  figure  lies  a  mature  mucous 
cell  containing  floeeulent  droplets  in  poorly-defined  membranes.  XS,000. 
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tion  may  reflect  the  high  requirement  for  nutrients  by  rapiill}’  growing  and 
differentiating  cells. 

Cornification  and  Mucification.  The  outermost  cells  of  the  vaginal  strati¬ 
fied  epithelium  become  cornified  during  estrus;  those  of  the  perivaginal 
epidermis  are  regularly  keratinized.  In  both  locations,  the  more  basal 
cells  are  characterized  by  fairly  numerous  bundles  of  fine  cytoplasmic  fila¬ 
ments,  loO  A  thick,  and  by  an  abundance  of  isolated  or  clustered  dense 
particles  of  ribonucleoprotein  (4,  14).  Typical  endoplasmic  reticulum  is 
not  distinguishable  (8).  In  the  upper  layers  the  fiber  clusters  become  more 
al)undant  and  fuse,  while  the  granules  decrease  in  number.  It  has  long  been 
postulated  that  ril)onucleoproteins  are  somehow  intimately  concerned  with 
protein  synthesis  (15),  and  the  present  association  is  compatible  with  this 
hypothesis. 

There  are,  of  course,  differences  in  the  cytomorphosis  exhibited  in  the 
cornifying  vaginal  epithelium  and  in  the  keratinizing  sexual  skin.  Peculiar 
to  the  vagina  are  signs  of  cell  degeneration  in  the  transitional  layer.  The 
nucleus  shrinks  away  from  its  outer  envelope,  the  nuclear  contents  even¬ 
tually  disintegrating.  The  surrounding  mitochondria  swell  and  finally 
disappear.  In  this  connection,  it  may  be  pertinent  that  Bounce  et  al.  (16) 
found  that  as  mitochondria  swell  they  apparently  release  an  enzyme  that 
detaches  desoxyribonucleic  acid  from  its  protein. 

Characteristic  of  the  sexual  skin  is  the  development  of  large  aggregates 
of  what  are  apparently  nucleoprotein  bodies  in  the  stratum  granulosum;  it 
is  in  this  layer  that  clusters  of  cytoplasmic  filaments  first  become  very 
numerous.  In  the  keratinized  scales,  the  “cytoplasm”  is  almost  homoge¬ 
nous,  as  though  the  filaments  had  become  fused. 

The  alternative  specialization  observed  here  in  stratified  epithelia  is 
mucification  of  the  outermost  layer.  This  condition  obtains  throughout  the 
cycle  in  the  cervix  and  during  estrus  in  tlie  vagina.  The  major  observation 
of  interest  in  this  connection  is  the  appearance  of  low-density  material  in 
the  underlying  cells.  This  is  presumably  mucus  within  vesicles  of  the  endo¬ 
plasmic  reticulum.  As  u.sual,  the  vesicular  system  is  surrounded  by  small 
dense  particles  (apparently  ribonucleoprotein).  Thus,  mucus  formation 
occurs  not  free  in  the  cytoplasm  but  within  pre-existing  membranes.  This 
pattern  resembles  that  described  by  Palade  (17)  for  the  formation  of  pro¬ 
zymogen  granules  in  the  pancreatic  acinar  cells. 

Ilistochfmical  correlates.  In  our  earlier  study  (1),  we  noted  that  the 
cytoplasm  was  especially  basophilic  in  the  endometrial  cells  during  late 
diestrus,  in  the  basal  cells  of  the  vaginal  epithelium  during  metestrus  and 
diestrus,  and  in  the  stratum  gramdosum  of  the  sexual  skin  (keratohyalin 
granules)  during  estrus.  Electron  microscopy  reveals  that  at  these  times 
there  is  a  particular  abundance  of  the  small  dense  particulates.  Evidence 
has  also  been  adduced  that  keratohyalin  granules  contain  ribonucleoprotein 
(18). 
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In  the  vagina  during  estrus  and  in  the  stratified  epithelium  of  the  skin, 
there  is  a  direet  correlation  between  the  degree  of  e.ytoplasmie  aeidophilia 
and  the  sulfhydryl-disulfide  reaction  and  the  abundance  of  clusters  of 
cytoplasmic  filaments. 

A  final  point  of  interest  is  the  high  level  of  alkaline  phosphatase  and 
glucose-t)-phosphatase  in  active  cells  bearing  microvilli.  These  enzymes  are 
abundant  in  many  endometrial  cells  and  in  the  liasal  layers  of  the  vagina 
during  estrus.  Such  enzymes  appear  in  some  in.stances  to  be  concerned 
with  transport  across  membranes,  so  that  their  abundance  in  cells  possess¬ 
ing  increased  surfaces  as.sumcs  added  significance. 
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.MAIN  EFFECTS  AND  INTERACTIONS  OF  CORTISONE. 
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ABSTRACT 

The  (liahctogcnic  (‘ffocts  «(f  cortisone,  triiodothyronine,  ^rowtii  hornioiK', 
and  all  possible  combinations  thereof  were  studied  in  the  intact  tube-fed  rat. 

'I'he  design  of  the  e.xperiment  was  factorial,  suitable  for  the  analysis  of  variance. 
Crowth  hormone  produced  hyperglycemia,  glyeosuria,  nitrogen  retention 
and  a  gain  in  weight.  The  other  hormones  ])roduced  hyperglycemia  and  glyco¬ 
suria  with  nitrogen  wastage  an«l  weight  loss.  Every  combination  of  hormones 
produced  changes  in  each  parameter  equivalent  to  the  additive  effect  of  the 
individual  hormones.  No  signifieani  synergistic  or  antagonistic  inb'ractions 
were  demonstrated. 

SEVERAL  worker.'^  have  produced  temporary  diabetes  in  the  intact  rat 
with  variou.s  single  liormonal  agents:  growth  hormone  (1),  adreno¬ 
cortical  hormone  (2),  and  thyroid  hormone  (3).  However,  the  knowledge 
gained  from  the.se  .studies  does  not  permit  prediction  of  the  effects  of 
various  combinations  of  these  diabetogenic  hormones,  and  investigation 
of  .such  effects  has  not  produced  conclusive  results. 

In  this  laboratory  temporary  diabetes  has  been  produced  regularly  in 
the  intact,  tube-fed  rat  with  a  combination  of  adrenocortical  hormone 
(ACTH,  and  later  cortisone)  and  growth  hormone  (4,  5).  Neither  hormone 
alone  was  diabetogenic  under  the  particular  conditions  of  these  .studies, 
and  we  a.s.sumed  that  the  diabetic  re.sponse  repre.sented  a  .synergism,  ba.sed 
on  the  metabolic  interactions  of  the  two  hormones  in  protein  and  carbo¬ 
hydrate  metabolism.  More  recently  we  have  found  triiodothyronine  also 
to  be  diabetogenic  in  the  tube-fed  rat,  whether  it  be  admini.stered  alone 
or  in  combination  with  either  corti.sone  and  growth  hormone  (6).  However, 
the  study  as  done  did  not  permit  definite  conclusions  as  to  the  nature  of  the 
combined  effects  of  the  three  hormones,  since  the  only  parameters  studied 
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were  body  weight,  glyeemia,  and  glycosuria,  and  the  statistical  method 
did  not  adeciuately  distinguish  between  additive  and  synergistic  elTects. 

For  these  reasons  the  study  was  expanded  to  include  measurement  of 
nitrogen  balance  and  repeated  using  a  factorial  design  suitable  for  the 
analysis  of  variance.  As  di.scussed  by  Fisher  (7),  this  experimental  design 
makes  it  possible  to  analyze  variations  within  treatment  groups  as  well  as 
interactions  between  two  or  more  treatments. 

The  present  investigation,  designed  and  analyzed  in  this  fashion,  shows 
that  each  of  the  three  hormones  is  diabetogenic  under  the  conditions  of  the 
experiment,  and  that  in  no  case  is  there  any  significant  interaction  in  any 
of  the  parameters,  i.e.,  the  combiiu'd  effects  are  additive  I’ather  than 
synergistic. 

METHODS  AND  MATERIALS 

Male  albino  rats  of  the  V'anderbilt  strain,  weighing  250-350  gm.,  were  housed  in 


Table  1.  Design  of  experimental  groups 


3'reatment 

1 

('ortisone  (mg.) 

Growth  hormone 
(mg./ 100  gm.) 

'rriiodothyronine 
(xg./lOO  gm.) 

1  ! 

1  ,  * 
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2.0 

— 

5 

— 

— 

5 

0 

2.5 

5 

7 

— 

2.0 

5 

8 

2 , 5 

2.0 

5 

*  Denotes  use  of  the  aiipropriate  eontrol  solution. 


individual  metabolism  cages  in  an  air-conditioned  room  maintained  at  2.S°-30°  C.  They 
wi'ie  tube-fed  twice  daily  a  high-carbohydrate  liquid  diet,  containing  0.45  gm.  of  carbo¬ 
hydrate,  0.07  gm.  of  protein,  0.009  gm.  of  fat,  and  2.21  calories  per  ml.  For  any  given 
day,  the  total  volume  of  tube-f(‘(“ding  was  1 1  ml.  pi'r  100  gm.  of  body  weight  as  measured 
that  morning. 

.Vnimals  jneviously  adapted  to  tube  feeding  were  assigned  at  random  to  each  of  the 
S  treatment  schedules  ('Pabh*  1).  The  exjieriment  consisted  of  9  .series  of  S  rats  each, 
studied  over  a  jx'riod  of  two  control  days  followed  by  four  treatment  days. 

Cortisone  acetate  was  suspended  (5  mg.  ml.)  in  physiologic  saline  and  injected 
subcutaneously  in  the  left  flank.  Growth  hormone  (Horner’s  FR-1,  from  pork  pituitary, 
prepared  by  the  Raben-Westermeyer  method)  was  dissolvi'd  (10  mg.  ml.)  in  distilled 
water  acidified  to  jiH  4  with  0.2  N  HCl;  it  was  injected  subcutaneously  in  the  right 
flank.  1 -Triiodothyronine  was  di.ssolved  (.50  ^g.  ml.)  in  distilled  water  brought  to  jiH 
9.0  with  0.1  N  NaOH;  it  was  injected  intraiieritoneally.  The  control  materials  wine: 
(1)  for  cortisone,  physiologic  saline;  (2)  for  growth  hormone,  human  serum  albumen  in 
aqueous  .solution  acidified  to  pH  4.0;  and  (3)  for  triiodothyronine,  distilled  water  brought 
to  pH  9.0.  In  every  case  the  volume,  site,  and  route  of  injection  for  the  control  solutions 
were  the  same  as  for  the  appropriate  hormoni*. 

Daily  weights  (to  the  nearest  gram)  were  rei^orded  each  morning,  followed  by  the 
tube-feeding,  and  injection  on  days  .3-0.  Three  hours  after  tube-feeding,  0.2  ml.  of  blood 
was  obtained  from  the  tail  vein  without  anesthesia  (ilays  1-2  and  .5-0)  and  analyzed  in 
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duplicate  for  glucose  by  the  method  of  Somogyi  (S).  A  complete  urine  and  stool  eollection 
was  made  daily  and  pooh'd  4S  hour  urine  specimens  (days  1-2,  3-4,  and  o-b)  were 
analyzeil  for  nitrogen  liy  the  micro-Kjehldahl  method,  and  for  sugar  l»y  the  method  of 
Ih'iiedict  (!>).  Eacli  new  Itatch  of  diet  was  analyzed  in  triplicate  for  nitrogen  concentni- 
tion.  Nitrogen  content  of  the  jtooled  4K  hoiii'  stool  collecticuis  was  estimated  from  their 
dry  weight.’ 

Results  are  expressed  as  follows:  (1)  “net  increase  in  l)lood  sugar”  refers  to  the  mean 
blood  sugar  (in  mg.%)  for  the  last  two  days  of  treatiiient  less  the  mean  value  for  the 
two  control  days;  (2)  “net  glycosuria”  represents  the  mean  4S-hour  glucose  e.xcretion 
(in  mg.)  for  the  four  treatment  days  h'ss  the  value  for  the  two  control  days;  (3)  “net 
nitrogen  balance”  is  the  mean  net  4S  hour  balance  (in  mg.  of  nitrogen)  for  the  four 
tixaitment  days  less  the  net  balance  for  the  two  control  days  (net  balanee  is  defined  as 
nitrogen  intake  le.ss  the  sum  of  fecal  and  urinary  nitrogen);  and  (4)  “net  change  in 
weight”  is  the  mean  daily  gain  or  loss  in  weight  (in  gm.)  for  the  four  days  of  treatment 
less  the  mean  daily  gain  or  loss  for  the  two  control  days.  In  tlu*  statistical  analysis,  the 
values  for  net  glycosuria  (in  mg.)  are  transformed  to  their  logarithms. 

These  data  are  analyzed  by  application  of  the  analysis  of  variance  to  a  2’  faetorial 
design  (10).  This  method  is  described  in  some  detail  sinee  it  is  not  often  used  in  biological 
research. 

The  results  for  any  parameter  are  arranged  in  columns  according  to  the  treatments 
and  in  rows  according  to  the  replications.  The  following  is  an  e.\amj)le: 
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I  )efiiutioiis: 


1. 


.\djustment  for  the  mean  = 


Y’ 

l(i 


2.  Treatment  sum  of  scjuares 


Q’  +  U’  +  S*+T'  +  l’*  +  V2  +  \Vs+Xs  Y* 

2  ~ui 


3. 


Iteplications  sum  of  sijuares  = 


(Z)«  +  (Z‘)» 
8 


I! 

It) 


4.  Total  sum  of  s(iuares  =  a*+b*+e*  •  •  •  p’— — 

5.  Residual  sum  of  s(juares  =  Total  sum  of  squares  —  (treatment  s\im  of  srpiarcs-t- repli¬ 
cations  sum  of  squares). 

(>.  1  )egrees  of  freedom : 

a.  aseribable  to  treatments  =  7 

b.  aseribable  to  replications  =  I 

c.  aseribable  to  error  =  (l(i  —  I) —7  —  I  =7 


’  Previous  studies  have  shown  a  significant  correlation  between  dry  stool  weight  and 
nitrogen  content  in  experiments  using  this  tube-feeding.  The  regression  equation  is  N 
Content  (mg.)  =45. 17 -1-24.24  X Stool  weight  (gm.).  The  correlation  is  not  significantly 
altered  by  the  various  hormonal  treatments.  The  fiducial  limits,  at  the  5%  level,  are 
±38  mg.,  a  relatively  minor  range  in  view  of  the  total  nitrogen  excretion  of  the.se 
animals. 


Julf),  in'>s 


niARETOGKXIC  HOR^tOXE  IXTERACTIOXS 


125 


Uesulual  Slim  of  squares 

/ .  Mean  error  variance  = - - -  — 

7 

/i!U‘aii  (*rror  variaiuM* 

wIm'IU’  !i  =  iiuiulK*r  ol 

•>ii  2  |» 

ineiils  ami  r  =  nunil»(‘r  of  ri'iilications;  lierc  2"  -r  =  2''  -X2=2X2=  I 


!(.  Main  elTect  of  treatment  1  =  l-(x  +  v +t +r)  —  J-t w +u +s +q) 
It).  Main  effect  of  treatment  11  =  Hx +  \v +  t +s)  —  Jfr +  u  +  v +(i) 

11.  Main  effect  of  treatment  111  =  1(.\ +  vv +v +u)  —  Ht +*<  +  i H-q) 

12.  Interaction  of  1 +11  =  4  (x +t +  ii +<l)  ~  Hv +w  +  r +.s) 
i:i.  Interaction  of  1 +111  =  {(x +v +s +(i)  —  l(t +"' +r +  u) 

14.  Interaetion  of  11+111  =  i(x+''  +r+q) —  l(t+v+s  +  u) 

15.  Interaction  of  1 +11 +111  =  J-fx +r +s  +  n)  —  J-(t  +  v +\v +<|) 


The  standard  error  is  divided  into  each  main  effect  and  each  interaction  to  j!;ive  a 
value  for  t;  usiiiK  the  number  of  decrees  of  freedom  ascribabli'  to  error  (in  tliis  case  7), 
the  P  value  for  each  t  may  lie  found  in  tlie  standard  tables  of  t. 

In  several  of  the  series,  an  occasional  animal  died  before  the  study  jieriod  was  over, 
necessitating  the  inclusion  of  an  extra  animal  in  the  next  series.  Because  of  this  mingling 
of  the  series,  an  analysis  of  the  variance  arising  from  differences  among  the  various 
replications  was  impossible.  In  view  of  the  relative  agreement  among  the  replications 
this  does  not  invalidate  an  analysis  of  the  differences  among  treatments.  The  oidy 
practical  result  of  this  omission  is  that  the  erior  variance  is  actually  measuring  to  a 
certain  extent  the  differences  among  replications  as  well  as  the  residual  error.  It  can  be 
shown  that  in  this  case  the  contribution  of  the  former  is  negligible. 

In  the  tables  that  follow  the  degrees  of  freedom  ascribable  to  treatments  is  always 
7  and  hence  the  degrees  of  freedom  for  error  is  always  ()4.  'I'lie  term  2"“^r  works  out  to 
IS  (2»-2x9  =  is). 


RESULTS 

In  this  as  well  as  the  former  study  (0),  the  animals  receiving  triiodo¬ 
thyronine  generall}’  developed  clinical  evidence  of  hypermetabolism,  e.g. 
hyperthermia,  jumpiness,  and  a  tendency  to  diarrhea  within  24  hours  after 
the  first  injection. 

Table  2  lists  the  main  effects  and  interactions  of  the  three  hormones 
and  their  combinations  as  regards  a  change  in  post -prandial  blood  sugar. 
Every  treatment  has  produced  an  obvious  elevation,  but  only  in  the  case 
of  the  three  main  effects  are  these  results  statistically  significant  at  the  1% 
level;  none  of  the  interactions  achieve  significance  at  the  5%  level  and 
hence  the  elevations  in  blood  sugar  following  combined  treatment  must 
represent  the  additive  effect  of  the  individual  hormones  and  not  any 
synergism  between  them. 

Table  3  lists  the  results  in  terms  of  glycosuria.  While  the  main  effect 
of  both  cortisone  and  growth  hormone  is  a  glycosuria  significant  at  the  1% 
level,  that  of  triiodothyronine  is  barely  significant  at  the  5%  level.  None 
of  the  interactions  achieve  significance.  The  data  are  analyzed  following 
a  logarithmic  transformation  of  the  actual  values,  since  total  glycosuria  is 
related  to  both  the  height  and  duration  of  any  hyperglycemia  above  the 
I  renal  threshold;  it  would  be  expected  to  increase  geometrically  as  the 
hyperglycemia  increases,  and  is  therefore  an  exponential  function.  Further- 
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Table  2.  Main  effects  and  ixteractioxs  of  the  treatmexts  (tabi.e  1)  as 

REOARDS  XET  INCREASE  IX  BI,OOI>  SCC.AR  (IX  MO.%) 


Series 

Treatment 

!  Totul 

1 

2 

8 

4 

5 

6 

7 

8  1 

1  ! 

—  7 

88 

26 

75 

4 

51 

188 

64  1  879 

2 

12 

8 

59 

40 

84 

68 

70 

129  1  415 

i 

-5 

47 

11 

47 

40 

69 

87 

174  470 

4  : 

-8 

24 

19 

54 

27 

04 

69 

78  827 

5 

-« 

28 

48 

56 

82 

82 

81 

64  880 

(i 

i  2 

12 

14 

24 

.50 

40 

62 

89  1  298 

7 

18 

81 

84 

164 

44 

87 

68 

192  578 

8 

-4 

-  14 

-  1 

76 

82 

45 

50 

46  1  280 

9 

1 

:  -8 

1 

-8 

1 

17 

98 

05 

55 

151  1  866 

Total 

-t) 

Kil 

206 

558 

85(> 

516 

620 

982  1  8888 

Mean 

-  .(>7 

17.89 

22.89 

61.44 

89.55 

.57.: 

18  68.89 

109.11  ! 

Adjustment  for  mean  =  (3IJ88)* -i- 72  =  159,424 
Treatment  sum  of  squares  =285, 102  — 159,424  =  75,078 
Total  sum  of  squares  =292,880—  159,424  =  188,400 
Hesidual  sum  of  squares  =188,400—  75,078=  57,728 
Mean  error  variance  =  57 , 728  -i- 04  =  902 . 00 
Standard  error  =  v''902  18  =  v  59 . 1 1 1 1  =7.08 


•Main  effect  Cort. 

=  H:J45.77-1:10.66)  =28.77 

t 

4.06:15 

1> 

<0.01 

.Main  effect  G.H. 

=  H262.:18-114.10)  =37.06 

4.5866 

<0.01 

Main  effect  T8 

=  H274 . 88  -  10 1 . 55)  =  43 . 38 

6.1200 

<0.01 

Interaction  Cort. -|-G.H. 

=  H209. 43-167. 00)  =  10.61 

1 .4985 

N.S. 

Interaction  Cort.-(-T8 

=  }(188. 66-187. 77)  =  .22 

.0810 

N.S. 

Interaction  G.H.-i-T8 

=  H195. 22-181. 21)=  8.50 

.4948 

N.S. 

I  nt  eraction  Cort.  G .  H .  -t-  T3 

=  }(180.-14-186.99)  =  .61 

.0861 

N.S. 

more  this  transformation  enables  the  values  to  assume  a  more  normal 
distribution.  Both  of  these  arguments  have  been  considered  adequate 
justification  for  the  logarithmic  transformation  (11). 

Table  4  lists  the  effects  on  nitrogen  balance.  It  appears  that  growth 
hormone  not  only  promotes  nitrogen  retention  when  given  alone,  but  in 
combination  with  cortisone  or  triiodothyronine  is  also  able  to  reverse 
the  nitrogen  wastage  resulting  from  either  of  the  latter  hormones.  How¬ 
ever,  with  the  triple  combination  the  nitrogen  balance  is  again  negative. 
Statistical  analysis  reveals  the  main  effects  of  growth  hormone  to  be 
nitrogen  retention,  and  of  cortisone  and  triiodothyronine  to  be  nitrogen 
wastage;  in  all  cases  P  =  <0.01.  None  of  the  interactions  achieve  statistical 
significance. 

The  effects  on  change  in  body  weight  are  listed  in  Table  5  and  resemble 
in  every  particular  the  effects  on  nitrogen  balance. 

DISCUSSION 

The  experimental  design  and  analysis  chosen  for  this  study  seem  reason¬ 
able  because  they  (1)  are  more  efficient  in  that  the  treatments  are  evalu¬ 
ated  with  the  same  precision  by  means  of  only  a  quarter  of  the  number  of 
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Table  3.  Main  effects  and  interactions  of  the  treatments  (table  1)  as 

REGARDS  THE  LOGARITHM  OF  THE  NET  GLYCOSURIA  (iN  MG. /-IS  HRS.) 


Series 

Treatment 

Total 

1 

2 

3 

4 

5 

6 

7 

8  1 

..  1 

1 

1.748 

2 . 875 

3.461 

2 . 566 

2.728 

3.371 

3.366 

20.115 

2 

2.853 

3.344 

2.812 

2.634 

3.396 

15.039 

3 

2.892 

2.447 

3 . 447 

2.152 

2.810 

3.473 

17.221 

4 

2.246 

3.096 

2 . 745 

3.155 

3.041 

14.283 

5 

1 .945 

2.576 

3.224 

1 .973 

2.845 

12.563 

6 

2.158 

2.265 

3.328 

7.751 

7 

2.384 

3 . 653 

2.009 

3.545 

11.591 

8 

1 .602 

3.193 

2.447 

2.250 

1  9.492 

9 

1  .017 

2.362 

3.088 

3.331 

1  9 . 798 

Total 

1  3.693 

11.999 

7.876 

24.435 

6.697 

17.073 

17.505 

28 . 575 

i  117.853 

Mean 

1  .410 

1.333 

.895 

2.915 

.744 

1  . 897 

1 .945 

3.175 

Adjustment  for  mean  =  (1 17 .853)* -5-72  =  192 .907356 
Treatment  sum  of  squares  =252.889737  — 192.907356  =  59.982381 
Total  sum  of  squares  =338.258401  -  192.907356  =  145.351045 
Residual  sum  of  squares  =145.351045—  59.982381=  85.368664 
Mean  error  variance  =  85.368664  -r64  =  1 . 333885 
Standard  error  =  v  l  .333885 18  =  v'.074104  =  .272 


t 

P 

Main  effect  Cort. 

=  J(9.320-3.994)  =  1 . 

332 

4.8971 

<0.01 

Main  effect  G.H. 

=  H8. 930-4.384)  =  !. 

137 

4.1801 

<0.01 

Main  effect  T3 

=  H7. 761 -5.553)  = 

552 

2.0294 

<0.05 

Interaction  Cort.+G.H. 

=  H7.224-6.070)  = 

289 

1 .0625 

N.S. 

Interaction  Cort. -i-T3 

=  J(6.377-6.937)  =  - 

.140 

-  .5147 

N.S. 

Interaction  (i.H.-l-T3 

=  H6. 863-6. 451)  =  . 

103 

.3787 

N.S. 

Interaction  Cort. -I-C.ll. 

+  T3  =  H6.147-7.167)  =  - 

.255 

-  .9375 

N.S. 

observations  that  would  otherwise  be  necessary,  (2)  permit  a  statistical 
appraisal  of  the  interactions  as  well  as  the  main  effects,  and  (3)  have  the 
theoretical  advantage  that  measuring  the  treatment  effects  under  a  variety 
of  conditions  supplies  a  broader  inductive  basis  for  the  conclusions.  A 
fourth  advantage,  that  this  design  allows  for  variation  in  animals  or  treat¬ 
ments  between  one  replication  and  the  next,  unfortunately  does  not  apply 
to  his  particular  experiment  for  the  reason  previously  given. 

The  results  confirm  previously  established  facts  about  the  effects  of 
adrenocortical,  thyroid,  and  growth  hormones  on  protein  and  carbohydrate 
metabolism.  Both  cortisone  and  triiodothyronine  cau.se  a  liyperglycemia 
and  glycosuria  with  negative  nitrogen  balance  and  weight  loss,  (irowth 
hormone  causes  hyperglycemia  and  glycosuria  in  the  face  of  nitrogen  re¬ 
tention  and  accelerated  weight  gain. 

While  the  present  study  was  a  progress,  another  experiment  revealed 
growth  hormone  in  the  same  dosage  to  be  markedlj'  diabetogenic  in  rats 
receiving  excessive  amounts  of  this  same  high  carbohydrate  diet;  this 
effect  occurred  only  when  the  rats  received  44  ml.  per  day  or  more  (1). 
None  of  the  rats  receiving  growth  hormone  (alone  or  in  combination)  in 
the  present  study  received  this  volume  of  diet  at  any  time,  so  apparently 
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Tablk  4.  Main  ekkeits  and  interactions  ok  the  treatments  (table  1) 

AS  REOARDS  NET  NITROGEN  BALANCE  (iN  MG. 48  HRS.) 


Treatment 

1 

2 

3 

4 

5 

6 

7 

8 

1 

i  -24 

-335 

-164 

-3 

+201 

-109 

+3 

-108 

-539 

2 

1  -54 

+  167 

+  165 

+  144 

-154 

-309 

+  18 

-23 

-46 

3 

1  -39 

-131 

+  15 

-82 

-34 

-236 

-26 

+  121 

-412 

4 

1  -39 

+  223 

+  76 

-142 

-80 

-314 

-28 

-166 

-470 

5 

:  —  5() 

-  167 

+  179 

-28 

-178 

-212 

+  15 

-31 

-478 

6 

i  -66 

-114 

+  150 

+219 

-105 

-180 

-29 

- 108 

-233 

7 

+30 

— 156 

+  146 

+  176 

-54 

-327 

+  126 

-214 

-273 

8 

+  124 

-155 

+  108 

+93 

-23 

-161 

+63 

-171 

-122 

9 

+  50 

+36 

+  136 

+  101 

-252 

-229 

-42 

+  68 

-132 

Total 

-74 

-632 

+  811 

+  478 

-679 

-2077 

+  100 

-632 

-2705 

Mean 

i-8.22  - 

70.22 

+90.11 

+53.22 

-75.44 

-2.30.77 

+  11.11 

-70.22 

.Vdjustment  for  mean  =  ( —2705)* -f- 72  =  101 ,625 .34 
Treatment  sum  of  squares  =  719,499.88—101,625.34=  617,874.54 

Total  sum  of  squares  =1,519,455  —  101,625.34  =  1,417,829.66 
Residual  sum  of  squares  =1,417,829.66  —  617,874.54=  799,955.12 

Mean  error  variance  =  799,955.12-1-64  =  12,499.29 

Standard  error  =  2, 491)7^ -h  18  =  vT>94.40  =  26 . 35 


•Main  effect  Cort.  =i'( 

-317.99- 

17.56)  = 

-83.88 

t 

-3.1833 

R 

<0.01 

Main  effect  (l.H.  =  J 

(84. 22 -(-.384. 65))  = 

117.22 

4.4485 

<0.01 

-Main  effect  T3  =  }( 

-365.32- 

64.89)  = 

-107.55 

-4.0815 

<0.01 

Interaction  Cort. +(1.H.  =  }( 

-100.66-(-199.77))  = 

24.78 

.9404 

N.S. 

Ititeraction  Cort. +T3  =\{ 

-219.10-  (-81  ..3.3))  = 

-34.44 

-1.3070 

N.S. 

Interaction  G.H. +T3  =}( 

-137.55-(-162.88))  = 

6.33 

.2402 

N.S. 

Interai'tion  Cort.  +(i.H.  +T3  =  }( 

-125.77-(-174.66))  = 

12.22 

.4637 

N.S. 

the  carbohydrate  load  need  not  be  as  large  as  was  previously  supposed. 
Again  the  statistically  significant  results  reported  here  point  up  the  value 
of  this  experimental  design  in  revealing  differences  that  would  otherwi.se 
go  undetected. 

In  another  study  of  the  post-prandial  carbohydrate  tolerance  of  the 
triiodothyronine-treated  rat,  the  shape  and  dimensions  of  the  diabetic 
curve  did  not  differ  from  those  obtained  during  cortisone  and  growth  hor¬ 
mone  treatment  (12).  This  makes  it  unlikely  that  the  triiodothyronine-in¬ 
duced  hyperglycemia  was  due  to  accelerated  intestinal  ab.sorption  of  carbo¬ 
hydrate.  However,  in  the  present  study  the  main  effect  of  triiodothyronine 
on  hyperglycemia  was  more  pronounced  than  that  of  either  cortisone  or 
growth  hormones,  whereas  its  main  effect  on  glycosuria  was  barely  sig¬ 
nificant,  in  marked  contrast  to  the  effects  of  the  other  two  agents.  The.se 
discrepancies  cannot  be  explained  at  the  present  time. 

None  of  the  interactions  .studied  attained  significant  proportions  in  any 
of  the  parameters  studied,  leaving  the  inference  that  the  result  of  any 
combination  of  the.se  hormones  was  the  algebraic  sum  of  their  independent 
effects.  Thus  the  effect  of  every  combination  was  to  increase  the  hypergly¬ 
cemia  and  glycosuria,  the  most  striking  diabetes  occurring  with  the  triple 
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combination.  On  the  other  hand  the  combination  of  growth  hormone  with 
either  of  tiie  other  two  appeared  to  restore  nitrogen  balance  and  change 
in  weight  almost  to  baseline  levels.  These  results  are  compatible  with  the 
idea  that  both  cortisone  and  triiodothyronine  administration  can  exagerate 
the  diabetes  resulting  from  concurrent  growth  hormone  administration 
without  necessarily  resulting  in  a  negative  nitrogen  balance  in  the  whole 
animal. 

The  effects  of  triiodothyronine  in  this  study  resembled  those  of  cortisone. 
However,  no  significant  negative  interaction  between  these  two  sub.stances 
was  ob.served,  which  might  be  interpreted  to  mean  that  there  is  no  obvious 
competition  for  a  final  metabolic  pathway.  Further  speculation  along 
these  lines  is  unjustified. 

The  failure  to  demonstrate  any  significant  interactions  was  a  little  sur¬ 
prising,  but  its  implications  are  meaningful  only  within  the  limits  of  the 
experimental  stituation.  One  such  limit  is  the  size  of  the  experiment:  by 
calculation,  a  significant  interaction  between  growth  hormone  and  corti¬ 
sone  is  theoretically  attainable  if  the  number  of  animals  were  doubled. 
Even  then,  the  values  would  be  minor  compared  to  the  main  effects.  An¬ 
other  limit  is  the  duration  of  the  experiment.  Greenberg  and  Aterman, 


Tablk  5.  Main  effects  and  interactions  of  the  treatments  (tabi.e  1) 

AS  REC.ARDS  NET  CHANGE  IN  WEIGHT  (iN  GM./24  HRS.) 


Treatment 


Series  j 

1 

2 

3 

4 

5 

fi 

7 

8 

Total 

1  i 

+0. 

-  6. 

.8 

+ 

1 

0 

_2_ 

2 

-11  . 

3 

-10. 

3 

0 

0 

-  0 

8 

-  M). 

1 

2  1 

t). 

0 

-  4. 

,0 

+ 

3 

.8 

-ii 

5 

-  5, 

0 

-  9 

8 

— 

1 

5 

-  4 

5 

-  24. 

5 

.8 

+  1. 

:i 

-  5 

+ 

4 

.  1 

-3 

0 

-  4, 

3 

-  8 

8 

— 

1 

,5 

-  4 

3 

-  21. 

8 

4 

-  1 . 

,5 

-  :t 

.8 

+ 

6 

.3 

+  4 

5 

-  t), 

8 

-  8 

8 

— 

0 

.  7 

-  fi 

.8 

-  17. 

(> 

5 

_2_ 

5 

-  4 

.8 

2. 

.3 

+  1 

,8 

-  4 

3 

-  fi 

5 

— 

2_ 

.8 

—  5 

5 

—  22 

3 

t> 

-1 . 

_2 

-  0 

.8 

+ 

7 

.3 

+2 

.3 

-  3 

8 

-  5 

() 

— 

2_ 

.0 

—  2 

.0 

-  5. 

2 

7 

1 

.0 

- 

.:t 

+ 

It) 

.5 

+1 

,3 

-  1 

5 

-  8 

,3 

+ 

T 

.3 

-  3 

,0 

0. 

0 

8 

i  +•' 

.5 

_  2 

.8 

+ 

3 

.5 

+2 

.8 

_  2 

8 

-  9 

.5 

— 

2 

_2 

—  7 

2 

-  Ifi. 

7 

'  -fi 

.8 

_  2 

+ 

(> 

.3 

-0 

.5 

-  4 

I) 

-  8 

.  7 

— 

3 

.0 

-  5 

.3 

-  15. 

,7 

Total 

1  +2 

.  7 

-:i:i 

.9 

+  45 

.  1 

+3 

.5 

-43 

8 

-75 

.  7 

- 

12 

.4 

-:it) 

.4 

i  -153.9 

-Mean 

1  +<» 

.:i 

-  :i 

.8 

+ 

5 

.0 

+0 

.4 

-  4 

9 

-  8 

.4 

- 

1 

.4 

-  4 

.4 

1 

.Vdjustmeut  for  mean  =  ( —  158 .9)*  -t-72  =828.9(i 
Treatment  sum  of  scjuares  =  i;i95.:H  —  828.!lti  =  H)t)t)..85 
Total  sum  of  squares  =1712.7:1—  :i28.9t)  =  i:i88.77 
Residual  sum  of  squares  =  i:t88 . 77  —  lOtiti .:15  =  ;r22.42 
Mean  error  variance  =  :t22 . 42  4- 94  =  5 . ():i 

Standard  error  =  v'^S.tKI  -h  18=  v/.27  =  .52 

t  V 


•Main  effect  Cort.  =4( 

-Ifi. 2-  (-1  .()))  = 

-3.80 

-7.:io 

<0.01 

Main  effect  (MI.  =  J-t 

-0.4-(-lfi.8))  = 

4.10 

7.88 

<0.01 

Main  effect  T3  =  i( 

-19.1-  l.9))  = 

-5.25 

-  10.09 

<0.01 

Interaction  ('ort.+G.II.  =J( 

-8.fi-(  -8.fi))  = 

0.00 

N.S. 

Interaction  Gort. -j-T3  =1( 

-7.5-(  -9.7))  = 

0..55 

1  .05 

N.S. 

Interaction  (i.H.+T3  =4( 

-9.3-(  -7.9))  = 

o.:i5 

-0.fi7 

N.S. 

Interaction  Cort.  +(J.H.  +T3  =  H 

-8.1-(  -9.1))  = 

0.25 

0.48 

N.S. 
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using  roughly  comparable  doses  of  cortisone  and  powdered  thyroid  in  in¬ 
tact  weanling  rats,  demonstrated  antagonistic  effects  on  growth  after  four 
weeks  of  treatment,  although  this  was  inapparent  after  one  week  (13). 

A  third  consideration  arises  from  the  fact  that  each  of  the  hormones 
was  administered  in  an  unphysiologically  large  dose  in  an  attempt  to  pro¬ 
duce  a  prompt  metabolic  derangement.  Homeostatic  mechanisms  would  be 
expected  to  resist  these  influences  vigorously  and  might  obscure  a  synergis¬ 
tic  action  which  would  be  apparent  in  the  reverse  situation,  i.e.  replace¬ 
ment  therapy  in  the  hypophysectomized  organism.  In  hypophysectomized 
dogs  de  Bodo  has  found  that  a  small  dose  of  cortisone  alone  abolishes  in¬ 
sulin  sensitivity  and  restores  glucose  tolerance  to  normal,  whereas  no  dose 
of  growth  hormone  alone  will  abolish  insulin  sensitivity  without  resulting 
in  a  somewhat  diabetic  glucose  tolerance  curve.  Yet  combined  treatment 
with  these  two  hormones  in  these  doses  produces  normal  insulin  sensitivity 
and  glucose  tolerance  as  well  (14).  It  seems  highly  probable  that  a  statis¬ 
tically  significant  negative  interaction  between  these  two  hormones  must 
occur  in  this  situation.  Furthermore,  Simpson  et  al.  (lo)  feel  that  a  synerg¬ 
ism  between  growth  hormone  and  thyroxine  occurs  in  the  growth  response 
of  hypophysectomized  rats  to  combined  treatment. 

Finally,  studies  on  the  whole  animal  measure  isolated  biochemical  effects 
in  an  admittedly  crude  and  indirect  fashion;  true  “synergism”  and  “com¬ 
petition”  might  best  be  reserved  to  describe  phenomena  occurring  at  the 
cellular  or  subcellular  level. 

Regardless  of  methodology,  this  experimental  design  clearly  permits  a 
more  thorough  extraction  of  information  from  the  data.  It  will  undoubtedly 
l)e  of  great  value  in  any  study  which  attempts  to  separate  truly  synergistic 
effects  of  treatment  combinations  from  those  which  are  merely  additive. 
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N()TF.S  AND  C'OMMDNTS 


DISSOLI  TIOX  OF  EXPKRIMFXTAL  VESICAL  CALCFLI 
BY  HYPOPHYSECTOMY  IX  RATS' 

ABSTRACT 

CJroups  of  rats  hearing  experimentally  induced  calculi  in  their  urinary  bladders 
were  subjected  to  hypophysectomy  and  sham-hypophysectomy.  Hypopiiysectomy 
led  to  an  average  reduction  of  711%  of  the  stone  weight  in  32  of  33  animals.  In  34  of 
40  sham-hypophysectomized  rats,  an  average  gain  in  stone  weight  of  85%  was  ob¬ 
served.  Since  no  significant  differences  between  the  two  groups,  with  the  exeeption 
of  the  changes  incident  to  the  hypophysectomy,  were  observed,  the  effects  were  at¬ 
tributed  to  hypophysectomy. 

In  previous  experiments,  we  have  discovered  that  the  glands  of  internal  secretion 
have  a  pronounced  influenee  on  the  rate  of  formation  and  the  incidence  of  occurrence 
of  calculi  formed  in  the  urinarj’  bladders  of  rats  in  response  to  aseptically  implanted 
magnesium  metal  niduses  (1,  2,  3).  .\ndrogens  stimulate,  and  estrogens  inhibit  calcu- 
logenesis.  Hypoph\’sectomy  prevents  stone  formation.  The  present  experiments  show 
that  hypophysectomy  has  considerable  therapeutic  merit  in  dissolution  of  established 
calculi  in  rats. 


MATERIALS  AND  METHODS 

Long-Evans  male  rats,  weighing  120-175  gm.,  were  aseptically  implanted  with  15  mg. 
cylindrical,  C.P.  magnesium  ribbon  niduses,  by  the  method  of  V'ermeulen  and  co-workers 

(4) ,  slightly  modified.  .\11  operations  were  done  under  either  anesthesia. 

Bladders  were  re-opened  four  weeks  after  implantation  of  the  magnesium  ribbon.  Pri¬ 
mary  stones  were  blotted  and  weighed  immediately  and  replaced  into  the  urinary  bladder 
after  all  secondary,  or  daughter  stones  were  removed.  The  urinary  pH  was  estimated  with 
short  range  test  paper,  and  body  weights  were  recorded.  Hypophysectomy  and  sham-hy¬ 
pophysectomy  were  performed  three  daj's  later.*  The  controls  remained  in  our  animal  labora¬ 
tory  Each  rat  served  as  his  own  control,  having  demonstrated  an  ability  to  form  stones. 

.\lt  rats  were  placed  in  a  warm  room  with  a  constant  temperature  of  80-82°  F  after 
hypophysectomy.  The  animals  were  fed  Purina  Laboratory  Chow  and  given  water  adlibilum. 

Twenty-four  hour  fluid  intake  was  recorded  daily  for  one  week  prior  to  removal  of  the 
stones,  .\fter  four  weeks,  the  bladders  were  re-opened;  urinary  pH,  primary  stone  weights  and 
final  body  weights  were  determined.  Statistical  analysis  was  made  by  the  method  of  Fisher 

(5) ,  and  probability  was  taken  from  his  table. 

RESULTS 

.\11  rats  developed  calculi  around  the  magnesium  ribbon  niduses  four  weeks  after 
implantation.  At  this  time,  the  average  urinary  pH  was  6.8  in  all  groups.  During  the 
treatment  period,  the  hypophysectomized  rats  and  the  controls  had  approximately 
equal  24-hour  fluid  intake,  averaging  56.8  cc.  for  the  controls,  65.9  cc.  for  sham-operat(“d 
and  57.0  cc.  for  hypophysectomized  animals.  Five  animals  did  not  survive  hypophysec¬ 
tomy.  The  remaining  animals  of  all  groups  were  in  good  health  and  none  were  infected. 

Table  1  shows  that  there  was  a  marked  decrease  in  stone  weights  in  the  hypo¬ 
physectomized  group  of  animals.  There  was  only  one  in  the  group  of  33  animals  who.se 
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Table  1.  Effect  of  hypophysectomy  and  sham  hypophysectomy  on  orowth  of  pre¬ 
formed  EXPERIMENTAI,  VESICAL  CALCULI.  KacH  TREATMENT  OROI'P  IS  DIVIDED  INTO 
TWO  (JROI  PS,  ONE  IN  WHICH  THE  STONE  INCREASED  IN  SIZE  I)l  RINO  THE  TREATMENT 
PERIOD,  THE  OTHER  IN  WHICH  THE  STONE  DECREASED  IN  SIZE. 

These  i'iianoes  are  deskin ated  by  plus  and  mini  s  skins 


No.  of 
rats 

.% 

animals 
±  stone 
wt. 

.\vciagc 

% 

+  stone 
wt. 

.Vvcragc 
±  stone 
wt.  in 
mg. 

.\verage 

.Vvcragc 
wt.  in 

stone 

mg. 

(iroup 

urinary 

pH' 

Hcforc 

treat¬ 

ment 

.\fter 

treat¬ 

ment 

Hypophysectomy 

33 

-H  3.0 
-!»7.0 

-f-  58 . 5 
-79,0 

-|-32 . 5 
-70.4 

7.0 

+  55 . 0 
-  80.4 

+  88.0 
-  10.0 

Sliam- 

hypophysectomy 

40 

+85.0 

-14.4 

+  75.5 
-20.7 

+  53.2 
-25.8 

0.8 

+  82. t» 
-111.4 

+  135.1 
-  85.7 

rntreated  controls 

37 

+  78.4 
-21 .0 

+91  .8 
-20.5 

+44.0 

-17.7 

0.8 

+  50.0 
-  89.5 

+  101 .2 
-  71.9 

stone  weight  increased.  It  gaineii  32.5  ing.  Careful  dissection  of  the  pituitary  fossa  failed 
to  disclose  residual  pituitary  tissue.  The  failure  of  growth  and  the  hypoplastic  gonads 
and  generative  organs  were  further  evidence  suggesting  hypophysectom\’  was  complete. 
Eighty-five  per  cent  of  sham-hypophysectomized  animals  and  78.4%  of  the  controls 
showed  increased  stone  weights.  The  average  urinary  pH  in  the  hypophysectomized 
group  was  7.0,  and  that  of  the  other  two  groups  was  0.8.  Hypophysectomized  animals 
lost  an  average  of  16.8%  of  initial  bodj'  weight  in  4  weeks.  Sham-hypophysectomized 
rats,  except  one,  gained  an  average  of  21.5%  .The  controls  gained  an  average  of  29%  of 
initial  body  weight.  Statistical  analysis  showed  that  all  the  differences  between  the 
hypophysectomy  group  and  the  two  control  groups  were  highly  significant  (P<.0()1). 
The  control  group  had  significantly  larger  (P<0.02)  calculi  ihan  the  sham-hypophy.sec- 
tomy  group. 

DLSCU.SSION 

Hypophysectomy  greatly  reduces  steroid  hormone  production.  It  was  shown  in 
lirevious  studies  (1,  2,  3)  in  rats  that  estrogen  antagonizes,  and  androgen  favors  experi¬ 
mental  calculus  formation  in  Long-Evans  rats.  Experimental  hypophysectomy  reduced 
urinar}’  excretion  of  calcium,  magnesium,  and  phosphate.  Replacement  therapy  with 
luteotrojihin  and  testosterone  increased  urinary  magnesium  excretion;  gonadotrophins 
increased  calcium  in  the  urine;  gonadotrophins  and  ACTH  increased  both  calcium  and 
magnesium,  and  growth  hormone  increased  urinary  phosphate  excretion.  The  increased 
excretion  of  these  ions  favored  the  formation  of  urinarj-  concrements. 

Hypophysectomy  prior  to  implantation  of  the  magnesium  nidus  in  the  urinary  bladder 
in  rats  abolished  the  tendency  to  stone  formation,  and  hypophysectomy  after  the  calcu¬ 
lus  formed  led  to  a  marked  reduction  in  the  size  of  the  stone,  including  the  magnesium 
nidus  implanted.  The  stress  of  sham-hyjiophj’sectomy  led  to  le.ss  increase  in  size  of  cal¬ 
culi.  These  results  are  not  in  di-sagreement  with  those  of  Marshall  and  co-workers  (0), 
who  found  that  repeated  stress  increa.sed  stone  size.  In  our  experiments  there  was  onlj' 
one  stress  stimulus.  The  increase  in  urinary  pH  in  the  hypophysectomized  group  was 
probably  not  significant  or  sufficiently  marked  to  produce  larger  stones. 
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